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This thesis presents the recent progress of diffusion measurements in nanopo-
rous host systems by micro-imaging. Interference microscopy is applied as a
powerful tool to record transient, intracrystalline concentration profiles of differ-
ent sorbate species in the porous framework of two different zeolites, viz. ZSM-5
(MFI) and ZSM-58 (DDR). These profiles, yielding high temporal and spatial
resolutions of about 10 s and 0.45 µm, follow the change of the refractive index
of the host-guest system during uptake and release of certain guest molecules.
With the thus accessible changes of concentration and particle fluxes, mass
transport parameters, such as intracrystalline diffusivity and surface perme-
ability, can be obtained by the use of the very fundamental equations on diffu-
sion.
Additionally, in two examples of never before performed types of exper-
iments, further insights into challenging fields of host-guest interactions are
provided: The well known phase transition in MFI type zeolites covering high
benzene loadings is investigated in a single crystal study, allowing to follow the
change of the sorbate phase in great detail. Furthermore, in DDR zeolites, a
new way of data analysis facilitates to study the uptake and release of binary
mixtures. Here, from the two-dimension profiles obtained by interference mi-
croscopy, the local concentrations of the sorbate species could be retrieved by
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α surface permeability (in sec. 3.2)
α polarizability (in sec. 3.3)
αn nth root of J0 (in sec. 4.1)
A surface area
c, θ (intracrystalline) concentration, loading







j particle flux density
Ji Bessel function of order i
k factor of proportionality between ∆c and ∆∆ϕ
l thickness of a thin surface layer
LX,Y,Z crystal length in (x, y, z) direction
λ wave length
m uptake




∆ϕL phase difference (after crystal thickness L)
∆∆ϕ change of phase difference (in time)
p pressure
r distance from the crystal center or symmetry axis
R (crystal or particle) radius
σC critical molecular diameter
t time
t1~2 time of half-filled crystal
V volume
x, y, z spatial directions
X,Y,Z crystal directions (in sec. 3.1)
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1. Introduction
In the last decades, mass transport in nanoporous materials has been identified
as the key point in numerous applications of chemical industry. The underly-
ing process of particle fluxes under the confinement of a porous host system
is the irregular and omnipresent motion of small particles, referred to as diffu-
sion. Honoring the first, detailed description by Brown in 1828 [1], it is also
called Brownian motion. Most remarkably, this observation, and as well the
formulation of the fundamental diffusion equations for a certain concentration
gradient by Fick in 1855 [2], were made long before the atomistic models, such
as the Dalton hypothesis on atomic theory [3], were commonly accepted or
experimentally proven.
The combination of both, erratic movement of small particles in equilibrium
(Brown) and mass transport opposing the direction of a concentration gradient
(Fick), was described via a thermodynamic approach by Einstein in 1905 in
one of his famous seminal papers of this very year [4, 5]. Additionally, this
correlation of the diffusion coefficient and the mean square displacement, was
found by Smoluchowski in 1906 by following a different, kinetic approach of the
interactions and collisions between particles [6].
With the rise of synthetic zeolites, for the first time synthesized by Barrer in
1948 [7], and the growing number of their applications in chemical processes,
diffusion in micro-, meso- and macroporous materials increasingly attracted
attention in industry and academia [8]. Correlated to the mass transport pa-
rameters, also material characterization regarding accessible surface areas or
pore widths distributions was continuously in the focus of research, starting
from the fundamental BET model on surface areas in 1938 [9]. Together with
classical zeolites, various types of new, nanoporous materials are investigated
in terms of adsorption properties [10, 11], among them porous glasses, metal-
organic frameworks (MOFs) and periodic mesoporous organosilicas (PMOs).
However, considerations of diffusion are by far not limited to the movement
of molecules in porous frameworks. The basic mathematical equations also
apply in many other contexts, especially if there is a certain kind of gradient.
This includes the migration of animals, men and ideas [12,13], but also human
travel and spreading of diseases [14, 15]. Even the circulation of bills around
the US and the whole world can be followed [16], with their trajectories being
remarkably similar to those of small particles, yet revealing length scales of
hundreds or thousands of kilometers.
The requirements of measuring diffusion in much shorter distances, i.e. in the
micrometer range, are certainly demanding. However, only microscopic tech-
niques facilitate deeper insights into the elementary steps of mass transport in
porous host systems and, thus, advance the understanding of these processes.
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Especially precious are the so-called methods of micro-imaging, by which con-
centration profiles of sorbate molecules in zeolites or MOFs are obtained in high
resolutions. They particularly include confocal fluorescence microscopy [17], IR
microscopy [18,19] and interference microscopy [20–22], the latter being in the
center of this work.
After further introducing porous materials and their fields of application
(sec. 2.1), diffusion under confinement (sec. 2.2) and methods of micro-imaging
(sec. 2.3), six main topics are addressed within this thesis. Sec. 3, dealing with
zeolite ZSM-5 of framework type MFI, is dedicated to the study of orientation-
dependent guest diffusion (sec. 3.1), the nature of surface barriers (sec. 3.2) and
the phase transition of benzene at high loadings (sec. 3.3). Investigations on
zeolite ZSM-58 of framework type DDR are carried out regarding new ways of
analyzing concentration profiles of cylindrical symmetry (sec. 4.1), a compari-
son of different small hydrocarbons and varying samples (sec. 4.2), and novel
approaches to retrieve two-component concentration profiles for adsorption and
desorption of binary mixtures (sec. 4.3).
The aim of this work, to gain new insights into mass transport phenomena
in nanoporous materials by means of interference microscopy, has clearly only
been made possible by the development of the device over the past few years
and by the input of the messages of other techniques. Both are gratefully
acknowledged.
2
2. Fundamentals of Experiment and Theory
The experimental and theoretical fundamentals of this PhD work concern the
type and specific properties of the applied microporous material, namely ze-
olites [23], the omnipresent movement of particles referred to as diffusion [1],
in general and particularly under the confinement by a porous matrix [8], and
finally the experimental methods applied to study these processes, viz. interfer-
ence microscopy (IFM) and IR microscopy (IRM). The following three subsec-
tions 2.1, 2.2 and 2.3 will address these topics briefly and provide references to
the appropriate textbooks and publications. This shortening was chosen due to
the intention of focusing on the authors own work presented in sections 3 and
4, namely the application of micro-imaging techniques to gain information on
the adsorption and desorption behavior by recording and analyzing transient
intracrystalline concentration profiles of high spatial and temporal resolution.
However, as this work presents types of experiment never performed before,
such as the spatially resolved observation of phase transitions in the benzene-
MFI system in sec. 3.3 and the recording of species-dependent concentration
profiles during mixture adsorption in sec. 4.3, at least a small background on
the systems and measuring techniques is needed.
2.1. Porous Materials and Fields of Application
Porous materials considered in this work are crystalline or amorphous solids
with a porous structure of either channels or a combination of larger cages con-
nected by narrow windows. This porosity may be highly ordered or randomly
distributed in a one-, two- or three-dimensional way. There is a broad variety of
materials available matching this requirement, ranging from zeolites [23], porous
glasses or active carbons to the recently developed metal-organic-frameworks
(MOFs) [24]. The major interest on these porous solids is due to their tremen-
dous (inner) surface leading to large adsorption capacities for gaseous species
and high catalytic activities. In addition, one may observe size exclusion effects
when the size of pores matches those of the molecules to be adsorbed.
Following these considerations, three major fields of application have devel-
oped in the last decades: catalysis [25], gas storage [26] and separation [27].
However, from the approximately 200 known framework types of zeolites [28]
only less than ten found their way to large scale industrial application. In the
case of MOFs this discrepancy is even larger as the combination of metal cluster
and organic linkers allows numerous theoretically predicted or experimentally
obtained structures, which unfortunately often reveal poor stability with re-
spect to mechanical stress or severe working conditions like high temperatures
and disturbing impurities. In addition, the cost effectiveness has to be taken
into account when planning the upscaling from lab scale (grams) to pilot plant
3
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(kilograms) and commercial high throughput processes (tons). One of the most
commonly used type of nanoporous material, zeolite A, is schematically shown
in fig. 1.
Figure 1: Structure of zeolite A (framework type LTA) with eight sodalite cages
in red and the channels leading to the central alpha cage in blue.
While in the research group of Interface Physics at the Physics department
of the University of Leipzig the whole variety of porous materials is covered, the
present study focuses on the intracrystalline diffusion in two different frame-
work types of zeolites, namely ZSM-5 and ZSM-58. In general, zeolites are
highly ordered microporous crystals occurring both naturally and as the prod-
uct of synthesis in either laboratory or industry. Their chemical composition
comprises silicon, aluminum and oxygen, often with additional counter ions like
Na, K, Ca2 or Mg2. Depending on the desired purpose, the size of synthetic
zeolite crystals ranges from less than one to several tens or hundreds microme-
ter. While the commercially available material, e.g. for catalysis, is shaped to
pellets with or without the use of binder materials, fundamental research with
respect to crystal properties and transport behavior of certain sorbate species
is usually performed using pure powder or even single crystals. The latter is
true for investigations by means of micro-imaging, which requires only very
little sample material but a certain degree of crystal quality with respect to
their optical properties and homogeneity of size and shape. The hot topic of
interest is the intracrystalline diffusion of sorbate species, which may, in prin-
4
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ciple, also be investigated by pulsed field gradient nuclear magnetic resonance
(PFG NMR) [29, 30], zero length column (ZLC) [31] or frequency response
(FR) [32, 33]. However, direct insights into the intracrystalline concentration
of those guest molecules and their variation with time is only made possible by
the introduction of the micro-imaging techniques interference microscopy (IFM)
and IR microscopy (IRM) in Leipzig within the last decade [19,34]. Like a mag-
nifying glass, both methods, especially when applied complementary, provide
never before seen insights into intracrystalline transport phenomena.
2.2. Diffusion under Confinement
These transport processes are a result of the omnipresent Brownian motion of
small particles [1], referred to as diffusion. This irregular movement, in our case
of small hydrocarbon molecules, occurs statistically distributed in all directions
of the three-dimensional space due to the thermal energy of the material. The
most fundamental equations describing diffusion were formulated by Adolf Fick















They state a certain concentration gradient ∂c∂x of the species under study to
result in a particle flux jx trying to compensate this very gradient in eq. (1).
As a factor of proportionality, the diffusion coefficient D is introduced. In the
absence of catalytic conversion, mass conservation is implied, which then leads
immediately to eq. (2) describing the change of concentration in time. The sec-
ond equation results under the simplifying assumption that the diffusivity does
not vary with varying concentration. In this case, the change of concentration
with time is seen to be proportional to its second spatial derivative ∂2c∂x2 . De-
pending on the physical conditions under which the experiments are performed,
one may specify the diffusion coefficient as DT , the transport diffusivity, or D,
the self-diffusivity. The latter is applied to systems in equilibrium, where the
concentration gradient in eq. (1) is only artificially introduced via certain label-
ing of the particles and the overall mass transport is zero. In non-equilibrium
systems, as it is the case for adsorption and desorption processes, the factor
of proportionality in the Fick’s equations is the transport diffusivity DT deter-
mining the kinetics of the mobile species during the mass transport to reach
equilibrium concentration. For comparing self- and transport diffusivity when
obtained by different techniques one may benefit from the convenient situation
5
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of very low concentration. In this case both diffusivities, DT and D, are found
to coincide.
However, in the very case of diffusion under confinement by a non-ideal
porous host system, deviations of the real structure from ideal crystalline struc-
ture have in addition to be considered. The thus resulting transport resistances
are found and well known to occur - though often unattended - in many sys-
tems ranging from lab experiments to applications of industrial scale. These
resistances or barriers one may find with varying strength and nature, e.g. as
barriers of inner and outer surfaces or blocked pores in the bulk zeolite. How-
ever, even the opposite effect is reported when straight channels are uninten-
tionally interconnected or cracks within the crystal serve as diffusion highways.
Contrary to computer simulations of transport processes during adsorption and
desorption, all experimental techniques provide an apparent diffusivity which
is often found to be, in first approximation and assuming high crystal quality,
the combined effect of fast intracrystalline diffusion Dintra and hindering surface
barriers resulting from low surface permeabilities α. It is the very benefit of
micro-imaging techniques as described in sec. 2.3 to gain information on both,
Dintra and α.
molecule / zeolite (critical) diameter
methane σC   0.34nm
ethylene σC   0.35nm
ethane σC   0.37nm
propylene σC   0.43nm
ZSM-5 dp   0.45nm
ZSM-58 dp   0.37nm
Table 1: Comparison of critical diameters σC of molecules applied in sec. 4
and pore widths dp of the investigated zeolites. Critical molecular
diameters are obtained from the diameter of the smallest cylinder cir-
cumscribing the molecules’ most favorable equilibrium conformation
(following ref. [35], an effective hydrogen diameter of 0.166 nm is as-
sumed).
Another issue to be addressed is the question of pore widths and molecule
sizes. It is clear that, as soon as the diameter of channels or windows ap-
proaches those of the species being adsorbed, strong effects of the molecular
6
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size on the diffusivity are expected. However, both pore diameter and molecule
size should not be understood as rigid openings and solid spheres, respectively.
Even though zeolite structures are considered not to be quite flexible (especially
when compared to MOFs where this behavior can be much more explicit), the
distances usually given in nanometers or angstrom are always obtained by us-
ing certain models in theoretical calculations or experimental data processing.
By its very nature, however, atoms and molecules consist of dense cores and
spacious shells of electrons with the latter being described in quantum me-
chanics by probability density functions. The question on where to set the cut
off for determining molecule sizes is by far not trivial. Hence, we may expect
measurable uptake even in cases where the molecule is not expected to fit into
the porous host system while it is unquestionable that diffusion coefficients
may cover a broad range over several orders of magnitude when the dimension
of sorbate molecules approaches and exceeds those of the pores and channels.
Varying literature data for the very same molecule sizes are the outcome of
this issue [8, 36]. In the following sections of this work, the critical molecular
diameter σC , i.e. the diameter of the smallest cylinder that can circumscribe
the molecule in its most favorable equilibrium conformation using an effective
hydrogen diameter of 0.166 nm [35] is used as one option among others [37]. A
brief comparison of the thus derived molecule sizes with pore openings of the
investigated zeolites is given by tab. 1.
2.3. Methods of Micro-Imaging: Interference and IR
Microscopy
Resulting from the broad variety of scientific research areas, in which diffusion
plays a key role to the processes under investigation, there exist as well numer-
ous measuring techniques to access diffusivities in various systems. Profiling
techniques make use of the fundamental equations of diffusion and mass trans-
port, viz. Fick’s first and second law as given by eqs. (1) and (2), to access diffu-
sivities via the recording of concentration profiles. This has been demonstrated
for both fluids [38, 39] and solids [40]. Furthermore, since the introduction
of pulsed field gradient nuclear magnetic resonance (PFG NMR, [41, 42]), the
probability distribution of displacements of guest molecules, referred to as prop-
agator, has directly been accessible [43]. The thus derived imaging techniques
of magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI or
diffusion MRI) have doubtlessly proven their importance in and strong benefits
to medical applications.
Even though there is still a broad variety of experimental methods to address
diffusivities of the host-guest system consisting of a rigid zeolite framework
and a mobile gaseous species, the applicable options of obtaining intracrys-
talline concentration profiles are rather limited. Colleagues from Utrecht, the
7
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Netherlands, impressively demonstrated the use of confocal fluorescence mi-
croscopy to record concentrations - even three-dimensionally - of certain fluo-
rescent species [17]. This, however, yields insights into the various structure
types of zeolite ZSM-5 rather than the mobility of smaller molecules. Un-
ambiguously, only interference microscopy (IFM) and IR microscopy (IRM),
referred to as methods of micro-imaging, can provide such information.
With IFM being in the center of the present work, only this technique is
going to be described in detail. Complementary IR data are shown in sec. 4.3.4,
where the single element detector is applied to study the uptake of two different
species in a mixture. The possibility of recording spatially resolved IR profiles,
i.e. 128  128 full IR spectra, is not exploited within this study. Presently, there
are two other PhD works in preparation investigating, among other topics, the
interplay of catalysis and diffusion during chemical reactions in nanoporous














Figure 2: Appearance of a phase difference ∆ϕ between the two light beams
discussed in fig. 3. The crystal under investigation (here: one-
dimensional straight pores) clearly has a different refractive index
n compared to that of the surrounding gas phase. Therefore, the
initial agreement of ϕ01 and ϕ
0
2 before the light beams pass the
crystal of thickness L in z-direction is abolished leading afterwards to
the previously mentioned phase difference ∆ϕ. A subsequent phase
shifter (not shown, see fig. 3) causes a tunable increase of the phase
difference at the moment of superposition.
The experimental setup of interference microscopy, as introduced and modi-
fied within the last 15 years by Schemmert [20–22], Kortunov [46–48], Tzoulaki
[49–51] and Hibbe [34, 52, 53], comprises the microscope itself, a Jenamap p
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dyn with an interferometer of the Mach-Zehnder type manufactured by Carl
Zeiss GmbH, a CCD camera, currently a Photometrics SenSys KAF 0400, and
the vacuum system providing either vacuum for desorption or constant gas
phase pressure for adsorption. Both, microscope and camera, are connected to
a commercial personal computer controlling the picture recording and micro-
scope settings (phase shifter, see fig. 3). The sample, only several dozens or
hundreds of zeolite single crystals, is placed in a plain optical cell under the
microscope having the only opening connected to the vacuum system. A sin-
gle crystal is then illuminated by monochromatic light with a wavelength λ of
about 589nm, with the light passing through the crystal and the surrounding








gas phase + crystal
Figure 3: Interference optics and generation of the interference picture by su-
perposition of one light beam passing the porous crystal (red) and
one passing the surrounding gas phase (blue). The lateral shift of
both beams (or images) is induced by a rotatable glass plate, referred
to as shearing mechanism, while the phase shifter only changes the
phase difference of both light beams (see fig. 2).
Regarding the phases of the two indicated beams, it is clear, that the differ-
ence of phase ϕ equals zero before entering the sample, but has changed to a
9
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certain phase difference ∆ϕL on leaving the sample. Even though this phase
difference’s absolute value remains unknown, its variation in time may be de-
termined by analyzing the interference pattern created by both light beams in
fig. 2. The superposition to create the interference image involves a shearing
mechanism and phase shifter as shown in fig. 3, with the latter being con-
trolled by the personal computer. Within a short period of time, in which the
sorbate concentration should ideally not change in the whole crystal, five inter-
ference images at different positions of the phase shifter are recorded and used
to calculate one profile of intracrystalline concentration. In fact, this calcula-
tion is not based on the attenuation of light intensity when passing through
the crystal, but on the change of the previously introduced phase difference
∆ϕL. During adsorption or desorption, initiated by stepwise variation of the
external pressure, the refractive index of the host-guest system n is going to
change depending on the number of molecules currently adsorbed within the
porous material. In first approximation, proportionality between the change
of local concentration of sorbate molecules ∆cx, y, z, t and the change of the
local refractive index ∆nx, y, z, t is assumed, both depending on the certain
position inside the three-dimensional crystal x, y, z and time t. The change
of the phase difference as the quantity to be measured is, finally, found to be
proportional to the change of the optical path length of the light beam pass-
ing through the crystal compared to that passing through the surrounding gas
phase:
∆∆ϕLx, y, t S L
0
∆nx, y, z, tdz  S L
0
∆cx, y, z, tdz. (3)
The drawback of this determination is obviously the lack of knowledge of con-
centrations cx, y, z, t in true units, only relative numbers may be obtained.
Furthermore, by integrating along the observation direction z, all information
on the concentration distribution or mass transport in this direction is lost.
This, however, may be overcome when studying two-dimensional systems with
uniformly distributed sorbate molecules in z-direction where diffusion only oc-
curs in the x-y-plane perpendicular to it, as it is the case for zeolite ZSM-58
investigated in sec. 4.
All experiments shown in this work were carried out at room temperature.
However, with recent modifications to the vacuum system and optical cell, also
measurements up to 100 XC are feasible [53], e.g. to obtain activation energies of
diffusion. The resolutions in time and space attainable by IFM are about 15 s
and 0.5 µm, respectively. Further information on the measuring principles and
recent findings beyond those presented in this work may be found in refs. [21,
54,55].
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Figure 4: Straight and zig-zag channels
of framework type MFI.
Zeolite ZSM-5 is one of the few ze-
olites being applied in large indus-
trial scale, e.g. for catalytic cracking
in petroleum chemistry. The first de-
scriptions of synthetic MFI type ze-
olites originates from Kokotailo [56]
and Flanigen [57], both published in
Nature 1978. Following the classifica-
tion of the International Zeolite As-
sociation [28], zeolite framework type
MFI consists of five-membered oxygen
rings as building blocks for the three-
dimension configuration as shown in
fig. 5. Depending on the desired prop-
erties and synthesis procedures, MFI
type zeolites may occur in the all-silica form, in this case referred to as
silicalite-1, or with a certain amount of aluminum and, hence, a well defined
ratio of SiO2/AlO2 typically ranging from 20 to 30. The latter case, more
generally referred to as ZSM-5, reveals a notable density of cations, leading to
preferable behavior with respect to chemical reactions and catalysis. However,
the structure of both, silicalite-1 and ZSM-5, is essentially the same.
Figure 5: Structure of framework type MFI (depending on the aluminum con-
tent referred to as ZSM-5 or silicalite-1) along y-direction with silicon
(or aluminum) in ocher and oxygen in red. The volume shown corre-
sponds to approximately 14 unit cells.
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Regarding mass transport and diffusion of sorbate molecules, the porous
structure of MFI type zeolites consists of straight and zig-zag channels, both
being circumscribed by ten-membered oxygen rings of about 0.6nm diameter
(fig. 4). An indication of the straight channels is also given by fig. 5 with
the zig-zag channels running perpendicular and forming intersections. In the
third direction of space (referred to as c-direction in fig. 4), diffusion may be
somewhat slower as molecules need to hop rather than following a certain chan-
nel [58,59]. The thus obtainable diffusion anisotropy, as investigated in ref. [60],
is also addressed in subsequent sec. 3.1 of this work.
(a) (b)
Figure 6: Pictures of silicalite-1 crystals under study:
(a) coffin-shaped crystals with a size of 25  25  185 µm3 and
(b) rounded boat shaped crystal with a size of 40  28  40 µm3.
The IFM diffusion studies in this work were carried out using silicalite-1
crystals shown in fig. 6a and 6b, provided by Wolfgang Schmidt, Max-Planck-
Institut für Kohlenforschung, Mülheim, Germany, and by Laurent Gueudré,
former coworker from the University of Leipzig, having performed silicalite-1
synthesis previously at IFP Energies nouvelles, Lyon, France, respectively. It is
well known from literature and previous IFM studies that, in a crystallographic
sense, MFI type zeolites do often not appear as true single crystals, rather
than comprising a twinned structure with varying crystal shape. Among other
optical methods, including the use of polarized light [61] or fluorescent molecules
[17], also IFM has been applied to study those intergrowth effects and potential
inner surface barriers or accelerated diffusion pathways [62]. Furthermore, also
the influence of crystal defects, such as cracks, which dramatically increase
the uptake or release rates during adsorption and desorption, has been studied
in great detail [46]. In addition, surface barriers are well known, yet often
unattended, for zeolite and MOF crystals, leading to discrepancies between
the diffusivities resulting for ideal crystal structure, as applied in computer
simulations, and real structures accessible for the experimentalists. Regarding
MFI type zeolites, surface barriers remain challenging as shown by the results
in sec. 3.2, where new questions arise after previously performed IFM and IRM
studies on silicalite-1 crystals being either free of surface barriers [49] or having
intentionally created barriers on crystal fragments [50,63] and whole individual
crystals [64].
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3.1. Orientation-Dependent Guest Diffusion
As one of the few drawbacks, diffusion measurement by interference microscopy
yield, as mentioned in sec. 2.3, the integral or average over the sorbate con-
centrations in the direction of observation (see eq. (3)) rather than the local
concentrations themselves. Having a non-ideal host system with mass trans-
port occurring in three dimensions, it is challenging to calculate, from these
integral values, the true local concentrations cx, y, z, t. When applied to two-
dimensional systems, as shown for zeolite ZSM-58 in sec. 4, this problem is
immediately solved as soon as molecular movement is only allowed in the x-
y-plane perpendicular to the observation direction. However, many porous
host systems feature a 3D network of pores or channels, as it is true for ze-
olite framework type MFI. As shown in the following and recently published
in [60], we succeeded, for the first time, in measuring diffusion by means of
interference microscopy in three different orientations of an individual crystal
by taking advantage of the rounded boat shape shown in fig. 6b. This shape
allows positioning of the crystal on three different side faces. The synthesis of
these crystals, performed by our former coworker Laurent Gueudré, followed the
recipe given in ref. [65]. It is only this very crystal shape, referred to as rounded
boat, which allows positioning of an individual crystal on all possible side faces
(fig. 7b). However, for tracing diffusion anisotropy also with respect to the
directions of the straight and zig-zag-channels, the crystal under study is in
addition required to be a real single crystal, i.e. it should not be of the twinned












Figure 7: SEM picture of rounded boat shaped silicalite-1 (a) and schematics
on the three different observation directions (b) perpendicular to
the X-Z-plane (left), the Y -Z-plane (bottom) and the Y -X-plane
(right). Red and blue lines in (b) represent the directions of one-
dimensional profiles in figs. 8 and 9, respectively. The mean crystal
size is about 40  28  40 µm3.
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(a) CZX, Y   const.)




































(b) CXY, Z   const.)





































(c) CY Z, X   const.)
Figure 8: One-dimensional concentration profiles of 2-methyl-butane uptake
in silicalite-1 following a pressure step from 0 to 1mbar. The index
i in Ci indicates the direction of observation and, therefore, the di-
rection of concentration averaging. The profiles are presented along
the red lines given in fig. 7b.
The experimental challenge of flipping a certain individual crystal within the
optical cell is rather demanding and time consuming. At each crystal position,
the exact pressure step for adsorption and desorption has to be reproduced for
obtaining comparable results with respect to the IFM concentration profiles.
In addition to the most instable position at the X-Y -face (see fig. 7), also
effects of light diffraction and scattering at the curved crystal faces, and the
varying crystal thickness in observation direction result in most demanding
experimental conditions. In fig. 7b, capital letters (X, Y , Z) for the crystal
directions are introduced to avoid confusion with either the spatial directions
within the optical cell of the interference microscope (x, y, z) in fig. 2 and
eq. (3), or the crystallographic directions of straight and zig-zag channels (a, b,





3.1. Orientation-Dependent Guest Diffusion
where CXY,Z represents the mean concentration `cY,ZeX at time t aver-
aged in X direction over the whole crystal thickness LX . After flipping the crys-
tal to the other faces, CY X,Z and CZX,Y  are obtained accordingly. The
thus derived concentration profiles, presented as one-dimensional cuts along the
red lines indicated in fig. 7b, are shown in fig. 8.
Even though the profiles presented in fig. 8 might seem unspectacular, the
now available data basis is amazingly broad. For the first time, an individ-
ual crystal of zeolite framework type MFI is measured in all three possible
orientations following the very same uptake process, namely the adsorption
of 2-methyl-butane after an increase of the surrounding gas phase pressure
from 0 to 1mbar. Thereby, from each two-dimensional concentration profile
CZX,Y , CXY,Z and CY X,Z, corresponding to the three orientations
shown in fig. 7b, one-dimensional cuts in two perpendicular directions can be
obtained. By further analysis of these profiles, for the first time, a very de-
tailed picture of the mass transport in a microporous crystal can be drawn,
hence, providing information on diffusivities, surface permeabilities and possi-
ble anisotropic behavior.



































Figure 9: Proof of coincidence of crystal’s Z and crystallographic c axis. One-
dimensional concentration profiles, again after the 0 to 1mbar pres-
sure increase of 2-methyl-butane, in X direction at three different
positions Z (j, Ì and Q) as indicated by blue lines in fig. 7b. The
agreement of the presented profiles suggests a notably reduced mass
transport in Z direction, which has to be associated, therefore, with
the c direction of the MFI framework (see fig. 4).
At this time, it is still unclear if the crystal under study can be referred to
as a perfect single crystal, i.e. with the crystallographic axes (a, b, c) of fig. 4
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running along certain crystal axes (X, Y , Z) homogeneously within the whole
crystal. This would allow to study, in detail, the diffusion anisotropy in the
directions of straight and zig-zag channels. As a first step, from fig. 9, the
third direction c, in which mass transport is expected to be notably hindered,
is found to coincide with the crystals Z axis. This conclusion is drawn from the
coincidence of profiles in X direction at different positions Z, which, clearly,
indicates a lack of diffusion pathways in this direction of the individual crystal.
The self-evident explanation of this finding is that, for this type of rounded
boat like silicalite-1 crystal, the straight and zig-zag channels are running in
X- and Y -direction and, therefore, the crystal’s Z-direction is in agreement
with the c-direction of the MFI framework (see figs. 4 and 7b).
To further check whether the MFI type crystals are structurally coherent or
not, a more quantitative determination of the transport parameters, i.e. dif-
fusivities and surface permeabilities, is required. The method of choice is, in
the following, to look for a best fit between experimentally-obtained concentra-
tion profiles and corresponding solutions of the underlaying diffusion equations.
The numerical calculations are based on the general solution of the diffusion
equation (Fick’s 2nd law, eq. (2)) [66], applied to a model crystal of identical
size and using the previous finding of essentially no mass transport detectable
in Z direction. The exemplary relations in crystal X direction are









cX,Y,Z, tX 0LX   αX cX   0LX, Y,Z, t  cmax . (6)
Here, the transport parameters are introduced as DX , denoting the diffusiv-
ity in crystal X direction, and αX , referred to as surface permeability, which is
assumed to be identical at both crystal faces at X   0 and X   LX , respectively.
In that sense, the surface permeability α is defined as the ratio of observed flux
through a certain crystal face (here the Y -Z-face) as given by the left-hand
side of eq. (6), and the difference of real intracrystalline sorbate concentration
cX   0LX, Y,Z, t compared to the maximum or equilibrium concentration
cmax. Further explanations, details and examples of this concept on surface
barriers, mathematically introduced in [66], may be found in refs. [8,52,67–69]
and subsequently in sec. 3.2 of this work.
In addition to surface permeabilities deviating from the ideal case (of α  ª),
also concentration dependence of the transport parameter D and α has to
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be considered. Hence, adapted from the so-called Fujita model [66, 70], the
relations
Dc   Dc 01  a   c, αc  
αc 0
1  b   c (7)
are introduced, with concentration c increasing from 0 to 1 relative units
during adsorption, and a and b as parameters determining the strength of
concentration-dependence of D and α. In principle, other relations of Dc
and αc are applicable as well [60]. In the case of desorption experiments,
usually the profiles are fitted as 1  cnorm, leading, in the case of no concen-
tration dependence of D and α, to coincidence of adsorption and desorption
profiles taken at the same time t after the start of the sorption process.
Using this set of tools and equations, a systematic variation of in total four
fitting parameters (Dc 0, αc 0, a, b) is performed by numerical calculations si-
multaneously for a set of 10 to 15 profiles taken at different times, if appli-
cable combining both adsorption and desorption profiles in X and Y direc-
tions. These profiles were taken as one-dimensional cuts from the X-Z- and
the Y -Z-profile, respectively, to ensure that any differences of the thus ob-
tained diffusivities, if found at all, is not correlated to the second dimension of
the former two-dimensional profile. Fig. 10 provides an overview about the thus
derived agreement of experimental and calculated profiles for 2-methyl-butane
in silicalite-1. The obtained transport parameters are summarized in tab. 2.
pressure direction D α
(mbar) (m2 s1) (m s1)
methyl-butane Ads, 0-1 X,Y 2.4  1013 1.5  107
Des, 1-0 X,Y 2.6  1013 5.0  108
4M2P Des, 1-0 X 4.4  1013 1.9  108
Des, 1-0 Y 5.2  1013 1.3  108
Table 2: Parameters of mass transport in rounded boat shaped silicalite-1 crys-
tals obtained by full profile fitting of IFM concentrations profiles for
2-methyl-butane and 4-methyl-2-pentyne (4M2P).
When fitting the experimental profiles of 2-methyl-butane, essentially no im-
provement to the fit quality could be found when choosing different diffusivities
in X- and Y -direction. Hence, for both adsorption and desorption the values
of DX and DY were set to be identical, which, as an immediate consequence,
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leads to the conclusion that no diffusion anisotropy could be found for both
directions of the crystal.




































































Figure 10: Determination of D and α for 2-methyl-butane in silicalite-1. The
opened symbols represent experimental concentration profiles after
a pressure increase from 0 to 1mbar. Black lines show the calcu-
lated profiles following eqs. (5)-(7) as best fits to the experimental
data. The thus derived transport parameters are in both directions
D   2.4  1013 m2s1 and α   1.5  107 ms1. Differences in profile
shape are only due to different crystal lengths LX and LY .
To verify this finding, the concentration profiles in different crystal orienta-
tions were also measured and compared to calculated profiles for another sor-
bate species, viz. 4-methyl-2-pentyne (4M2P). For the diffusion of this more rod-
like molecule, investigations by Rees and Song using frequency response suggest
a much more pronounced diffusion anisotropy in MFI type zeolites [32,33]. More
precisely, due to its very shape, the 4M2P molecules are expected to move much
faster in the straight channels rather than the zig-zag ones. For this reason,
when trying to find best possible agreement of calculated and experimentally
measured profiles, DX and DY are explicitly allowed to differ from each other.
However, as shown in tab. 2, best agreement was obtained for diffusivities dif-
fering only within the range of uncertainty of about 20%.
Summing up the results of these investigations, also the rounded boat shaped
crystals of zeolite framework type MFI did not provide any sign of diffusion
anisotropy in X- and Y -directions. Just as for the well-known coffin-shaped
crystals, the crystallographic c-axis is found to coincide with the crystal Z di-
mension (with essentially no diffusion / mass transport in this direction). How-
ever, also here the existence of intergrowth and twinned structure is strongly
suggested by the absence of significant differences between DX and DY . Only
a 90° rotation of the crystal’s subunits [8,17] can explain the diffusivities found
in this study, which in are in good agreement with data reported for the coffin-
shaped silicalite-1 crystals [49].
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3.2. Exploring the Nature of Surface Barriers
The kinetics of mass transport in nanoporous materials, such as zeolites and
MOFs, is one of the key parameters for their industrial applications, e.g. in
catalysis or separation. The former requires reactant molecules to diffuse to
the active sites of the host material and product molecules to leave the porous
system, while the latter is limited by fluxes through layers of the applied ma-
terial. Doubtlessly, these transport phenomena are not only ruled by the in-
tracrystalline diffusivities of the sorbate molecules, but to a significant extent
also by transport resistances, in the case of inner or outer interfaces referred to
as surface barriers.
For a broad variety of materials, such as zeolite framework types MFI, MOR,
LTA or FER, surface barriers are known to give rise to notable discrepancies of
diffusion measurements, if the applied and compared measuring techniques do
not take these deviations from real structure into account [8]. Especially the
observation times, and associated with it the mean square displacement of sor-
bate molecules, are determining the way how surface barriers may manifest in
experimental data. In macroscopic measurements, e.g. gravimetric uptake ex-
periments, the obtained kinetics are based on both intracrystalline diffusivities
and interparticle transport resistances. In contrast, with microscopic methods,
like nuclear magnetic resonance, surface barriers might not even be detectable,
if sorbate molecules do not reach the particle surface during time of observation.
It is the very benefit of micro-imaging by interference microscopy, to directly
gain information on either of the rate determining transport parameters, D
and α, following fig. 11 and eq. (8) on page 20.
Literature, including (yet not limited to) the previous work of coworkers
from Leipzig, reveals several most intriguing examples of such surface barriers.
Among them are aging effects of MFI zeolites and MOF crystals [50, 69, 71],
comparison of barriers of mordenite zeolites by microscopic and macroscopic
techniques [72], fundamental studies on MOF Zn(tbip) revealing almost total
blockage of crystal surface [52, 68, 73] and its conformation by MD simula-
tions [74], and finally also artificially created surface layers on MFI or LTA
type zeolites either decreasing or even enhancing the uptake rate [64, 75–77].
In the following, a remarkable effect of surface barrier growth on coffin-shaped
silicalite-1 crystals (fig. 6a) is studied in detail trying to elucidate the under-
lying process, which so far is assumed to be a formation of additional lay-
ers from residual water molecules acting as transport resistance for the probe
molecule [50]. This view was based on the observation that the employment
of a water trap consisting of small zeolite 3A spheres provides highly repro-
ducible experimental conditions with respect to uptake rates, while otherwise,
in the case of no water trap being applied, there is a notable growth of surface
barriers.
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Figure 11: Determination of α.
The quantitative analysis of surface
barriers by means of interference mi-
croscopy is based on surface perme-
abilities α, as above defined in eq. (6)
following ref. [66]. It is noteworthy,
that this approach towards the sur-
face permeability α of a nanoporous
crystal, sometimes also referred to as
surface rate coefficient ks [8], is differ-
ing from the definition of membrane
permeability. Written slightly differ-
ent, eq. (6) immediately leads to the
concept of obtaining α from IFM concentrations profiles:
jsurf   α csurf  ceq. (8)
Here, jsurf denotes the particle flux density through the surface of a nano-
porous crystal, and csurf and ceq correspond to the surface concentration and
equilibrium (or maximum) concentration, respectively. From fig. 11, which
displays an enlarged section of fig. 10a showing one-dimensional concentration
profiles of 2-methyl-butane in silicalite-1 in X-direction, csurf and ceq may im-
mediately be found. In addition, the time intervall ∆t between two subsequent
profiles and the integral R ∆c dX, indicated as shaded a area for the profile at
t   33 s, are easily seen to determine the flux jsurf through the surface: In the
case of MFI type zeolites (both rounded boat and coffin-shaped), there is no
flux in Z-direction and profiles in X-direction are identical at different posi-
tions Z (fig. 9 on page 15). Hence, assuming a crystal size of LX LY LZ , the






LY ZZdZ R X LXX 0 ∆c dX
2LY LX ZZdZ ∆t , (9)
with the particle number N and the relevant surface for mass transport calcu-
lated as A   2LY LXdZ . Fortunately, the unknown factor of proportionality
for the IFM concentration profiles (given in arbitrary units or normalized to
the equilibrium concentration) does not forbid α to be obtained in true units,
as this factor is identical for csurf , ceq and ∆c in eqs. (8) and (9), respectively.
Via this direct approach, surface permeabilities for adsorption of 2-methyl-
butane in rounded boat shaped MFI crystals (figs. 10a and 11), following a
pressure step from 0 to 1mbar, are calculated as 2 to 4  107 ms1 for the
concentration profiles at different times t and, hence, different surface concen-
trations csurf , ranging from 0.7 to 1. This is in perfect agreement with the data
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obtained by full profile fitting as shown in tab. 2 on page 17, where α at csurf   0
is found to be 1.5  107 ms1.
After this description of the calculation of surface permeabilities of nano-
porous crystals from IFM concentration profiles and the quantitative validation
with data from sec. 3.1, a very peculiar observation of growing surface barriers of
coffin-shaped MFI type zeolites is reported. In previous studies by IR and IFM
micro-imaging, using isobutane as probe molecule, the sample was modified by
surface silanation, i.e. by synthesizing additional layers of trimethyl-, triethyl-
and tripropylchlorosilanes onto the outer surface, to tune the uptake rate in
a well defined way [64]. In addition, the (untreated) samples were found to
be strongly sensitive to residual water molecules, leading to surface barriers
continuously increasing with the number of adsorption-desorption cycles [50].
The chain of arguments leading to the latter hypothesis is based on the fact
that, when a small amount of zeolite 3A pellets are placed at the tube of the
optical cell just before the sample itself, the formation of surface barriers is
prohibited. These 3A zeolites are referred to as a water trap, as their mean
pore diameter is about 0.3 nm, which only allows very small species, like water,
to be absorbed. However, if the water trap is omitted, the kinetics of isobutane
adsorption slowly decreases. Regarding the very tiny amount of zeolite sample
that is usually placed within the optical cell during IFM experiments, and
by knowing that the vacuum pressure does not drop below 1  103 mbar, the
assumption of a thin water layer to be formed at the outer crystal surface from
residual water molecules seems reasonable, especially as the terminal silanol
groups might act quite hydrophilic. Then, this water layer could, depending on
its thickness, lead to notable transport resistances for the uptake of isobutane.
































(a) with water trap










































(b) without water trap
Figure 12: Comparison of isobutane (iC4) uptake curves with (a) and with-
out (b) water trap, following a pressure step from 0 to 1mbar,
corresponding to a loading of about 2.8 molecules per unit cell.
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Fig. 12 nicely pictures the impact of the 3A water trap on the reproducibil-
ity of transient isobutane adsorption in an individual MFI type zeolite crystal.
While there is no difference found for the kinetics of this repeated experiment
in fig. 12a, fig. 12b clearly shows that, by omitting the water trap, the overall
uptake rate is dramatically decreased. All experiments were carried out us-
ing the very same crystal and with leaving the sample under vacuum pressure
with the vacuum pump running after the cycle of adsorption and desorption.
As a remarkable feature, when heated up under vacuum to a temperature of
about 300 XC (referred to as activation), all previously formed surface barriers
are removed and the uptake rate is as fast as known from the first experi-
ments. This demonstrates that the ongoing processes at the crystal surface are
reversible and, hence, cannot be caused by severe structural defects or collapse
of the framework, as these damages would not be repaired by simply activat-
ing the sample. This result of growing surface barriers with waiting time was
reproduced using several crystals from this unmodified batch of coffin-shaped
silicalite-1 crystals and, in addition, from the modified samples having seen
surface silanation as described in ref. [64].


























Figure 13: Growing surface barriers characterized by surface permeabilities fol-
lowing several pressure steps of isobutane from 0 to 95mbar.
At this time, from fig. 12, only integral uptake curves are analyzed. They are
very easily calculated by simply integrating (or summing up) the whole two-
dimensional concentration profile obtained by means of interference microscopy.
However, the profiles provide even more information, especially quantitative
information on the surface permeability as described previously in this section.
To really proof there is a dramatical decrease of the surface permeability, rather
than a decrease of the intracrystalline diffusivity, and to check, additionally,
a broader range of sorbate concentration, the following sequence of pressure
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steps was applied immediately after activation and on three subsequent days:
0   0.2   1   10   95   0mbar. The thus derived surface permeabilities are
shown in fig. 13.
The result of this study is impressive: It reveals surface permeability cover-
ing a range of almost four orders of magnitude comparing the different experi-
ments. Both trends of this representation, i.e. decreasing surface permeabilities
in time and increasing values at higher gas phase pressures, support the concept
of small water layers to be formed. First, with only very few residual water
molecules being present (while the vacuum pump is working), it is reasonable
for the water layer to slowly grow in time, which causes the increasing transport
resistance for the non-polar probe molecule isobutane. Secondly, the approxi-
mately linear relation between α and the gas phase pressure p at a certain time
t after activation can be correlated with the solubility of isobutane in the water
layer. The proportionality of α and p may be rationalized by implying a thin
layer of thickness l at the outer surface characterized by a strongly hindered
diffusivity Dbarr. This was the usual model of choice in previous studies of
surface barriers, such as in refs. [52,78,79]. Following Fick’s first law (eq. (1)),





which, when compared to the definition of surface permeabilities in eq. (8),





Now, in the case of thin water layers, Dbarr has to be replaced by the diffu-
sivity of the mobile species within this layer, reduced by the ratio of equilibrium







For the given pressure range up to 100mbar, the hardly water-soluble isobu-
tane follows the Henry regime, hence, ceq,aq  p. Finally, with an isobutane
isotherm in MFI type zeolites taken from literature [80], the above mentioned
relation α  p is found, perfectly matching the experimental results of fig. 13.
Furthermore, eq. (12) allows a rough estimation on the thickness l of the water
layer. Assuming a diffusivity of isobutane in water of DiC4,aq   1.0  109 m2s1
as given in the literature [81], the water layer width is indeed found to increase
from about 0.2nm, which would also be the range of uncertainty, at day zero
to 1nm 24 hours later.
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However, with the experimental finding attained with the very plain set of
experiments shown in fig. 14, our knowledge about the origin of this type of
barriers is seen to be still rather limited. Again, an individual crystal of the
very same silicalite-1 sample was probed with respect to the kinetics of isobu-
tane uptake at several instances of time after thermal activation (black bars in
fig. 14a). In this case, however, between resting times in vacuum, the sample
was additionally exposed to a mild water atmosphere of about 20mbar (shaded
area in fig. 14a). Following the previously described theory of formation of
water layers leading to transport resistances for isobutane, this water exposure
should dramatically increase the crystal’s surface barrier. However, the exact
opposite is found: after resting times of 19h and 28h in water vapor prior to the
uptake experiments shown as filled symbols in fig. 14, the surface barrier does
not increase at all. In contrast, the presence of a mild water atmosphere is found
to even prevent surface changes as the uptake curves are ideally matching the
ones taken before water exposure. Only when vacuum is applied (prior to the
uptake experiments shown as open symbols), the overall process of isobutane
adsorption is slowed down.
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Figure 14: Uptake curves of isobutane (iC4) in one and the same silicalite-1
crystal after periods of water vapor exposure (shaded area in (a)
and filled symbols for the subsequent iC4 uptake curve in (b)) and
resting times in vacuum (open symbols for the subsequent iC4 up-
take). Prior to the cycle of isobutane adsorption and desorption, the
water atmosphere has been carefully removed.
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This new finding is quite challenging, especially when seen together with
all indications and experimental evidences described previously. Without be-
ing able to ultimately explain the mechanisms behind this story, so far only
two working hypothesis are left: First, the crystal’s surface, in particular the
terminal silanol groups, might adopt an instable conformation upon thermal
activation with a slow process of relaxation and reorientation following after-
wards. This might lead to an increasing number of (partially) blocked entrances
to the porous network. However, considering the cross-check from fig. 12 by
applying or omitting a 3A water trap, the explanation of surface reorientation
seems unlikely. In the end, pore blockage at the crystal surface might also be
caused by traces of larger molecules, e.g. from vacuum grease. In that case,
every atmosphere present (water, isobutane, etc.) could prevent those bulkier
molecules from attaching to the surface and, thus, from forming surface barri-
ers. Zeolite 3A particles placed before the sample itself would then also act as
a trap for larger molecules, even if they do not enter the small 3A pores and
only attach to the outer surface of the 3A pellets. However, at the time being,
this puzzle remains unsolved.
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Figure 15: Orientations of six silica-
lite-1 subunits.
The last topic concerning zeolites of
framework typ MFI, here the aluminum-
free, coffin-shaped silicalite-1, has at-
tracted lots of attention and already seen
numerous publications. This special in-
terest on phase transitions and frame-
work effects of adsorbed aromatic hydro-
carbons might result from two very fun-
damental observations: First, upon ad-
sorption of species like p-xylene or ben-
zene, with only the latter being in the fo-
cus of this IFM investigations, the zeolite
host system undergoes certain changes in
symmetry. Secondly, remarkable steps in the isotherm of these species reveal
very strong changes in the sorbate-sorbate interactions associated with the for-
mation of clusters and ordered phases of the adsorbed molecules.
In general, zeolites are described as quite stable structures, remaining unaf-
fected by thermal or mechanical stress. This is necessary for e.g. forming pel-
lets at high mechanical pressures or for certain applications running at elevated
temperatures. The recently discovered class of highly porous metal-organic
frameworks (MOFs) [24] is, in contrast, known to be limited in their applica-
tion, as their sample stability is generally inferior to that of zeolites. On the
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other hand, there are also options to benefit from the flexibility of MOF struc-
tures in certain applications for gas storage or separation, e.g. by exploiting the
so-called gate opening effect in zeolite imidazolate framework ZIF-7 [82, 83] or
MOF MIL-53, which shows breathing behavior under CO2 adsorption [84] and,
despite its large porosity, is also highly compressible [85].
It is, therefore, quite interesting that, also in the case of zeolites, structural
changes are well-documented. Early reports on symmetry changes of the MFI
framework under benzene and p-xylene adsorption are found in refs. [86,87], in
which powder X-ray analysis reveals three different symmetry forms depending
on the amount adsorbed:
notation space group appearance
ORTHO orthorhombic, Pnma as-synthesized ZSM-5
MONO monoclinic, P2i~n H-ZSM-5 (calcined)
PARA orthorhombic, P212121 p-xylene/H-ZSM-5 complex
Table 3: Symmetry forms of MFI type zeolites following the notation of ref. [87].
Furthermore, also temperature, aluminum content and extra-framework matter
are found to influence framework symmetry [86]. It is noteworthy, that the here
described MFI symmetry transformations are reversible and lead to only small
changes in distances, angles and pore shapes. However, these small deviations
might result in dramatic changes for the adsorbed species, especially for benzene
in (aluminum-free) silicalite-1 [88].
Further literature data cover a broad range of experimental methods [89–95]
and computational approaches [80,92,96] to gain insight into this striking field
of host-guest interactions. Among these studies are reports on highly ordered
adsorbate phases [89,92], diffusion anisotropy [90,95], distinctive isotherm steps
at certain loadings [91, 93], crystal size expansion [94] and, additionally, cross-
checks of those findings by Monte Carlo simulations [80,96].
Despite this large number of reports available in the literature, micro-imaging
by interference microscopy has turned out to provide an approach to gain a com-
pletely new type of insight into sorbate-induced phase transitions in nanoporous
host-guest systems, referring to changes in both the framework and the state
of the guest molecules. However, the experimental conditions turned out to
be quite challenging. This is not only due to the strict requirements for tem-
perature and pressure, both strongly influencing the strength and kinetics of
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the observable transition, but also due to notable differences between different
crystals of the same sample. Additionally, differences in the time scales of the
processes occurring after one pressure step and the comparably large signal
changes (accompanied by a loss of picture contrast) entail numerous re-runs
of certain experiments and additional time-consuming data treatment. The
measurement to be described in the following were performed using silicalite-1
crystals of 25 25 185 µm3 size as shown in fig. 6a following benzene pressure
steps from 0 to 90mbar at room temperature.
A very first consideration for IFM experiments of this system involves the
question, whether the proportionality between the IFM signal (based on chang-
ing optical path lengths in observation direction) and the intracrystalline con-
centration as given by eq. (3) on page 10 still holds for changes in the framework
and guest ordering. For clarifying this issue and, besides, for elucidating the
range of loading (in terms of molecules per unit cell), in fig. 16 IFM single
crystal isotherms are correlated with literature data obtained by gravimetric
uptake experiments.


























































Figure 16: Comparison of benzene isotherms in silicalite-1 obtained by single
crystal interference microscopy (∆∆ϕL scale, right) with litera-
ture data using gravimetric uptake (θ scale, left) [91, 93]. The mea-
surement was repeated and confirmed for different crystals and, in
addition, by means of IR microscopy.
The good agreement found between IFM isotherms and those from literature
confirms that it is essentially the increase of sorbate concentration, rather than
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changes of framework symmetry, which is responsible for the obtained changes
in the phase difference ∆∆ϕL. Furthermore, as predicted in the literature,
by increasing the gas phase pressure the step-like behavior with potential phase
transitions occurs at a loading of four molecules per unit cell. This region
of interest is now further addressed by analyzing the transient concentrations
profiles following a pressure increase from 5.0 to 10.0mbar, corresponding to
an increase of loading from 3.9 to 7.7 molecules per unit cell.




































































Figure 17: Uptake curve of benzene in silicalite-1 following a pressure step of
5.0 to 10.0mbar, corresponding to an increase of loading from 3.9
to 7.7 molecules per unit cell.
Fig. 17 shows the integral uptake curve of this single crystal experiment for a
time span of in total six hours (fig. 17b, right) and, for better visualization, the
first 1800 s enlarged (fig. 17a, left). The scale of the IFM signal has deliberately
not been normalized to range from 0 to 1 as it is important to recollect that
IFM does not measure concentrations directly but via the change of optical
path length. A signal change of ∆∆ϕL   2π  6.28 rad corresponds to a
change of optical path length (crystal thickness in observation direction ∆n)
of one wavelength, i.e. 589nm.
The single crystal under investigation shows two separate steps of adsorption
in its integral uptake curve, the first one during the first 300 s, the second one
starting right after and taking about three hours with no further changes in the
following three hours. This second step is characterized by a strong increase
during 30min and a slower change within the next 2.5h. From comparison
with gravimetric uptake isotherms (fig. 16), the corresponding loadings are
approximately 3.9, 6.2 and 7.8 molecules per unit cell at the beginning, after
the first step at t   300 s and in equilibrium, respectively. The colored maps of
IFM signal (commonly referred to as concentration profile) are shown in figs. 18
and 19, revealing two completely different processes without any further changes
in the external conditions.
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t = 10 s
t = 25 s
t = 40 s
t = 70 s
t = 115 s y 
x 
z 
t = 265 s
Figure 18: Two-dimensional maps of the IFM signal ∆∆ϕL, being propor-
tional to the overall loading, following the first 265 s of adsorption
of benzene in silicalite-1 after increasing the gas phase pressure
from 5.0 to 10mbar. Crystal size is appr. 25  25  185 µm3.



















t = 325 s
t = 565 s
t = 745 s
t = 3565 s
t = 8365 s y 
x 
z 
t = 23 065 s
Figure 19: Continued maps of IFM signal ∆∆ϕL for longer times following
the phase transition of the sorbate phase. Note, the legend color
was changed for better visualization.
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The evidence provided by the experimental data shown in figs. 18 and 19
and the integral uptake curve in fig. 17 may be summarized as follows:
(1) There is no additional change of pressure or any other variation in the
external experimental conditions between step one and two.
(2) Step two occurs over a much longer timescale than step one and deviates
distinctly from a single exponential behavior.
(3) The diffusion front of step one runs along the crystal’s x-direction and,
most probably, also in observation direction (y). This is the expected,
normal behavior for mass transport in a coffin-shaped silicalite-1 crystal,
as observed with various guest species, including isobutane as presented
in the study of surface barriers in sec. 3.2.
(4) In step one, there are indications for a small crack at the upper side face
leading to slightly faster uptake at the top center region of the crystal.
(5) The front of step two is seen to move, counterintuitively, in the z-direction,
in which no channels are running and mass transport is therefore by at
least on order of magnitude slower than in the x- or y-direction.
(6) The equilibrium profile (t   23 065 s) shows a remarkably inhomogeneous
distribution in the phase changes.
The discussion of those findings is challenging, however, based on the evi-
dence so far reported in the literature, the following picture can be drawn:
After having increased the benzene gas phase pressure beyond 5mbar, the
threshold loading of four molecules per unit cell is passed and phase transi-
tions are expected to occur for both, the sorbate phase in terms of relocating,
reorientating and clustering, and the sorbent material in terms of symmetry
changes and angle or distance distortions. However, as found by the compar-
ison with isotherms of gravimetric measurements, which, according to their
working principle, are unaffected by framework changes and only measure true
loadings, the change of the IFM signal in both steps of the experiment following
the pressure increase from 5.0 to 10mbar have to be linked to changes in the
intracrystalline concentration rather than to variations in the refractive index
of the host material.
As a most remarkable finding, the phase transition of benzene, connected
with a rapid increase of the pore filling from 6.2 to 7.8molecules per unit cell, is
progressing along the crystal’s longitudinal z-axis, which is, for all six subunits
(fig. 15), identical to the c-direction of the MFI framework. The exceptional
kinetics of this process is based on the observation that these phase transitions
are seen to not occur simultaneously on the right and left end of the crystal.
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For the first time, also, the finally obtained IFM equilibrium profiles (as
shown for t   23 065 s in fig. 19) are found to reveal inhomogeneities. However, it
is not the benzene concentration being irregularly distributed, it is the effect of a
highly oriented sorbate phase, which breaks the so far assumed proportionality
of change of optical density and concentration (eq. (3) on page 10). As two out
of six subunits of the coffin-shaped silicalite-1 crystal are rotated by 90° (fig. 15),
also the well aligned benzene molecules are rotated within the porous system.
An estimate, based on the polarizability α of benzene molecules depending on
their orientation, gives the following values for the refractive indices:
polarizability refractive index
α   10.3  1030 m3  4πε0 n   1.50
αÙ   6.7  1030 m3  4πε0 nÙ   1.30
αÕ   12.8  1030 m3  4πε0 nÕ   1.64
Table 4: Refractive index of benzene in the free liquid (first row) and polar-
izabilities α, αÙ and αÕ from ref. [97]. For a highly ordered benzene
phase, the refractive indices nÙ and nÕ are calculated by using the
Clausius-Mossotti equation (see appendix A.3.3).
From tab. 4, the difference of nÙ and nÕ, divided by the refractive index n
of the randomly distributed bulk phase of benzene, is about 0.23. Assuming
that only benzene molecules beyond four molecules per unit cell loose their
rotational degree of freedom and form a new, oriented phase, this should lead
to differences in the IFM signals for differently oriented subunits of 12.0 rad 
0.23   2.8 rad, where 12.0 rad is the averaged IFM signal of the whole profile of
this pressure step from 5.0 to 10mbar. This number of approximately 2.8 rad
is in perfect agreement with the experimentally observed difference of the IFM
signal in the equilibrium profile of step two shown in fig. 19 (t   23 065 s),
where the dark red areas are in the range of 13.0  0.3 rad and the green-
yellow parts at 10.5  0.5 rad. This agreement demonstrates that, except
for the four molecules per unit cell remaining in the intersections and being
randomly rotated there, additional benzene molecules are forming a highly
ordered phase with a positioning in parallel to observation direction at the four
central subunits, perpendicular to the path of light beam in the two rotated
subunits. As indicated by so-called solid docking simulations in ref. [98], at
higher loadings benzene molecules are pushed from the intersections to the
straight channel segments with their plane being perpendicular to the channel
direction.
To cross-check the possible interplay of phase transition for the benzene
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molecules adsorbed and the framework symmetry changes, additional XRD ex-
periments were performed using the same silicalite-1 sample. For this purpose,
two samples were prepared in tiny glass capillaries: the first one with empty
crystals, the second one after increasing the benzene gas phase pressure to
20.0mbar. Both capillaries were sealed by melting. The benzene-loaded sam-
ple had been measured at different times after the first contact with benzene,
namely after 4 hours, 12 hours, 18 hours and two days. The diffractograms
confirm the symmetry change from monoclinic to orthorhombic (fig. 20) upon
comparison with the simulated patterns, where, however, the first two measure-
ments are seen to yield a kind of intermediate between empty and filled phases.
The timescale of framework changes is, therefore, found to be in the range
of 12 hours, during which the phase transition of the sorbate should be fin-
ished much faster (especially regarding the larger pressure step). This suggests
that the change in framework symmetry is a consequence of the high sorbate
loading but should not be influencing the previously described behavior of the
orientation process of benzene.

















Figure 20: Structural analysis of empty and benzene-loaded silicalite-1 by XRD.
The samples were prepared in the IFM lab in tiny glass capillaries,
one sealed (by melting) immediately after activation and evacuation,
the second sealed after setting the gas phase pressure to 20.0mbar.
Remarkably, the diffusivity of benzene in silicalite-1 changes dramatically,
namely by more than two orders of magnitude, above a loading of about four
molecules per unit cell (fig. 21). Until this concentration is reached, transport
diffusivity is found to be stable at D   1.5  1014 m2s1. As a rough estimation,
for higher concentrations close to eight molecules per unit cell, the transport
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diffusivity is larger than D   4  1012 m2s1, which is, for the actual crystal
size, the upper limit obtainable by IFM. The intermediate value at p   10mbar
results from analyzing step one of the phase transition experiment explained
in detail before. The corresponding uptake times are approximately 2 hours
at low loadings, 300 s during the phase transition step and about 10 s close to
pore filling. This enhancement of mass transport, also confirmed by IR uptake
experiments (see appendix A.3.3), may be assumed to result from a much higher
mobility of the benzene clusters being formed at high loadings [98].

















































Figure 21: Diffusivities of benzene in silicalite-1 obtained from the integral up-
take curves. The three values at highest loadings (close to eight
molecules per unit cell) indicate only the lower limit of the true D
values. At these loadings, already more than 95% of the final uptake
is reached within the initial 10 s (which is the temporal resolution of
IFM).
This section on phase transition of benzene in silicalite-1 demonstrates how
interference microscopy yields new insights into the details of mass transfer
processes [99], which are unattainable by other experimental methods. The
high spatial and temporal resolution of IFM allows an in-depth study of the
formation of an ordered and oriented sorbate phase. It could be shown that,
by using the different refractive indices for aligned benzene molecules, the pic-
ture of MFI subunits rotated by 90° is confirmed by high pressure equilibrium
maps of IFM signal. The suggested scenario of phase transitions, as used for
an interpretation of the observed inference patterns, is confirmed by accompa-
nying XRD experiments and the diffusion coefficients resulting from molecular
uptake.
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4. Zeolite ZSM-58 (DDR)
The second host system to be studied in the present work is zeolite ZSM-58 of
framework type DDR [28]. The first description of its synthesis was given by
H. Gies in 1986 [100] and in a US patent of Exxon in 1987 [101]. Shortly after,
template-free synthesis of zeolite ZSM-58 was found [102]. Building blocks of
the DDR framework, [SiO4] tetrahedra, form pseudohexagonal layers, which are
stacked in an ABCABC sequence. The connections between these layers are
created by additional [SiO4] tetrahedra, forming six-membered rings of about
0.26nm diameter [100]. Within the individual layers, 19-hedron cages with
a diameter of 0.77nm are built and interconnected by eight-membered rings
with diameters of 0.36 to 0.44 nm. Due to this small window size dictating
the rate of mass transfer of the sorbate species, DDR zeolites are investigated
with respect to applications in separation [35,103–105], e.g. of light olefins and
paraffins [106–108] or CO2 and methane [109–112]. However, by benefiting from
its shape selective behavior, DDR zeolite also offers catalytic properties in the
methanol to olefins (MTO) process [113].
(a) (b)
(c) (d)
Figure 22: Pictures of two different zeolite ZSM-58 samples, DDR-I (a,c) and
DDR-II (b,d), taken by SEM (a,b) and light transmission mi-
croscopy (c,d). Crystal diameters are 52 and 37 µm (tab. 5), re-
spectively.
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1) Zeolite ZSM-58: Framework Structure 
Structure Commission of the International 
Zeolite Association (www.iza-structure.org) 
Framework Type DDR:            Simplified Cages & Windows 
Cages:     7.7 Å diameter 
Windows:  3.6 – 4.4 Å (8 T-ring) 
Figure 23: Sketch of cages and
windows in DDR.
In terms of diffusion studies, the eight-
membered ring zeolites posses the smallest
channels or windows to be investigated in the
family of zeolites, as their diameter is in the
range of small hydrocarbons (see tab. 1 on
page 6). The slightly smaller six-membered
ring windows connecting the stacked layers are
already too small to allow diffusion in this
direction, resulting for DDR zeolites to be a
two-dimensional system of cylindrical symme-
try (fig. 23, cages and windows have diameters of 0.77 nm and 0.36 to 0.44nm,
respectively). With respect to diffusion studies by means of interference mi-
croscopy, hence, this material provides exceptional convenient experimental
conditions: With the large top and bottom faces of the DDR crystals (fig. 22)
being oriented perpendicular to the axis of radial symmetry, there is no mass
transport to by expected in observation direction. Only perpendicular to it,
within the x-y-plane, mass transport is occurring through the eight-membered
ring windows. With only small deviations due to the hexagonal rather than
circular crystal shape, concentration profiles reveal cylindrical symmetry, thus,
allowing to average over areas of equal distance r from the crystal center and,
hence, to significantly increase the signal-to-noise ratio. The methods of data
analysis of two-dimensional concentration profiles of this cylindrical symmetry
is further discussed in the subsequent sec. 4.1.
DDR-I DDR-II DDR-III
Crystal size (µm)
in radial direction (2R) 52 37 23
in axial direction (L) 14 20 13
Si/Al ratio - 1662 950
BET (m2/g) 375 - 365
surface clean speckled clean
Table 5: Comparison of crystal properties of three different samples of DDR
type zeolites. The crystal shape varies slightly from almost cylindri-
cal (DDR-I, see fig. 22a) to hexagonal with side faces like truncated
octahedron (DDR-II and DDR-III, fig. 22b). The sample notation is
identical to refs. [114, 115] and slightly different from refs. [111, 116],
where the here labeled DDR-III is referred to as DDR-I.
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The results of detailed investigations on intracrystalline diffusion of small
hydrocarbons in DDR zeolites are presented in sec. 4.2. As we were kindly pro-
vided three different DDR samples (tab. 5) showing different crystal sizes and
being synthesized in different labs, in addition, a comparison of these materials
in terms of mass transfer and diffusion is possible.
For the first time, in the concluding sec. 4.3, mixture adsorption has been
investigated by means of interference microscopy. In contrast to IR imaging,
where different sorbate species are distinguishable by their different IR bands,
in this case of IFM studies, mixture analysis was only made possible by the
huge difference of intracrystalline diffusivities of the mixture components, viz.
ethane and CO2.
Figure 24: Two-dimensional concentration profiles of ethane in DDR-II taken
at three different times t after increasing the gas phase pressure from
0 to 210mbar. For better visibility, only the crystal’s center part is
shown.
4.1. Analyzing Concentration Profiles of Cylindrical
Symmetry
Compared to the situation of MFI type zeolites presented in sec. 3, IFM
data analysis offers new approaches towards intracrystalline diffusivities for
DDR type zeolites by benefiting from the two-dimensional uptake of sorbate
molecules. In non of the numerous experiments with the three DDR samples
any indications for surface barriers were found, which is supported by reports
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in literature using ZLC [111, 116] and breakthrough experiments [107]. How-
ever, a quantitative determination of surface permeabilities α by means of IFM
(as done for silicalite-1 in sec. 3.2) is hindered by the lack of knowledge about
boundary or surface concentrations csurf   cr   R. This results from the
curved or tilted side faces of the DDR species (figs. 22a and 22b), which causes
the outer crystal shell to appear as black areas in light transmission microscopy
(figs. 22c and 22c). Actually, from the shape of concentration profiles and up-
take curves, strong surface barriers can be excluded. Two-dimensional profiles,
the basis of further investigations on diffusivities obtained by IFM, are shown
by way of example in fig. 24 for ethane in DDR-II. The following methods of
data treatment were published in ref. [114].
4.1.1. Fitting concentration profiles and uptake curves by solutions
of the diffusion equation
Probably the most direct approach to obtain diffusivities from IFM experimen-
tal data is to follow the diffusion equation (Fick’s 2nd law, eq. (2)). For the






















where D and r denote the diffusivity and distance from the symmetry axis,
respectively. Solutions for this equation are available for both time depending
concentration profiles, cr, t, and the overall uptake curve, mtmª , i.e. the loading
mt at time t divided by the equilibrium or saturation loading mª [66]:
cr, t
cmax
















In eqs. (14) and (15), R is the radius of the cylindrically shaped crystal, Ji
denotes the Bessel function of order i and the αn are given as the nth positive
root of
J0Rαn   0. (16)
The just presented formulas do not include any concentration dependence of
D, which is, however, to be expected for at least some of the sorbate species and
pressure ranges. A strong indication of concentration-independent diffusivity is
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This could be found for methane in DDR, which, at the applied pressures
below 1 bar, is only weakly adsorbed. As a result, the obtained IFM signals
were quite weak and noisy, which could be notably improved by averaging the
concentration profiles over areas of equal distance r from the symmetry axis
(fig. 25).































































































































































Figure 25: Averaging of concentration profiles of cylindrical symmetry: The
raw and untreated concentration profiles for adsorption (0 to
800mbar) and desorption (800 to 0mbar) of methane in DDR-
II (a, c) are significantly improved by averaging over areas of the
same distance r from the crystal center (b, d).
In fig. 25, the experimental profiles miss data points of the outer 20% of
the crystal due to the unaccessible black areas shown in fig. 22d. However, the
full profile fitting following eq. (14), represented by solid lines in fig. 25b and
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25d, yields nice agreement with the concentration profiles averaged of identical
distances r. Only the data at the crystal center (r close to 0) still exhibit notable
scatter, as the number of data points to be averaged decreases with decreasing r.
For methane in DDR-II, the thus obtained diffusivity is D   0.96  1012 m2s1
for both adsorption and desorption.
4.1.2. Short-time analysis by the Boltzmann-Matano approach
Even though the previously described fitting of profiles and uptake curves eas-
ily yields the desired diffusivity, so far, its concentration dependence is not
addressed. If the overall uptake process is slow enough to obtain several concen-
tration profiles at short times, i.e. before the diffusion front reaches the crystal
center, the system can be assumed to experience diffusion as into a semi-infinite
medium. This allows analysis by the Boltzmann-Matano approach described
in refs. [34, 40, 66]. Here, all short-time concentration profiles are found to co-
incide when plotted against x~ºt rather than against just x (fig. 26a). The
thus derived master curve yields the diffusivity D, which is, in the case of no








In addition, also master curves of systems with explicit concentration depen-
dence of D can be analyzed and fitted (fig. 26d), especially when assuming
Dc to follow the Fujita model [70]
Dc   Dc 01  λ   c. (19)
The very benefit of this approach, which, for all small hydrocarbons in DDR
zeolites, provided satisfactory data for the Dc relation, is the (implicit) solu-
tion for ccmax over x~ºt to be available from literature [70], allowing to obtain
both parameters, Dc 0 and λ from this single master curve.
In addition, the concentration-dependent diffusivity is as well accessible from
the direct Boltzmann-Matano approach [8, 34], i.e.






with all quantities to be obtained directly from the IFM concentration profiles.
Again, the approach is limited to short times t, i.e. to times before the diffu-
sion front reaches the crystal center. Fig. 26 represents the feasibility of this
approach for ethane in DDR-I.
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(a) 1D concentration profile




































(b) master curve (short times)


































(c) progress of the diffusion front



































Figure 26: Short-time analysis of ethane in DDR-I using the Boltzmann-
Matano-approach. IFM concentration profiles, as shown in (a),
were obtained after increasing the gas phase pressure from 0 to
230mbar. When plotted against x~ºt, the profiles at short times
are found to nicely coincide (b). The data points in (d) were ob-
tained from the slope of linear fits in (c), where the progress of the
diffusion front is followed.
The master curve shown in fig. 26b, obtained by plotting the concentration
profiles against x~ºt, can also be rebuilt by tracing the progress of the diffusion
front (fig. 26c). For an ideal process and perfect experimental data, the linear
fits of points of identical normalized concentration (0.1, 0.2, 0.3, 0.4, 0.5 and
0.6) are expected to intersect in the origin at x   0 and t   0. The finding of
fig. 26c about the intersection to occur at x   6 µm and t   4 s is, however,
neither surprising nor disturbing. It simply results from the already mentioned
problems of measuring close to the crystal surface (obviously, fig. 26a is lacking
this area) and from the fact that one concentration profile is calculated out
of five different interference pictures recorded during a time interval of about
12 s. In this sense, an offset of about x   6 µm and t   4 s is quite reason-
able. Fortunately, the linear regression is unaffected and, as shown in fig. 26d,
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leads to two curves (one for profiles in x-direction, the second for y-direction)
These can nicely be used to obtain a concentration-dependent diffusivity Dc
when compared to a calculated curve (solid line) in this cnorm-vs-x~ºt picture.
In contrast, the theoretical curve for the concentration-independent diffusivity
(dashed line in fig. 26d) is clearly not capable to represent the experimental
data. From this investigation, for ethane in DDR-I, the diffusivity at zero load-
ing and parameter λ are found to be Dc 0   1.8  1013 m2s1 and λ   0.87,
respectively, with the latter corresponding to an increase of D about a factor
of eight in the observed range of intracrystalline concentration.
4.1.3. Center-line analysis
For the mid-time regime of an adsorption process in crystals of cylindrical
symmetry, i.e. when the diffusion fronts have met in the crystal center and
reveal a parabolic concentration profile, two approximations can be made with









With the second term on the right-hand side of eq. (13) becoming negligible







































Figure 27: Center-line analysis of ethane in DDR-I. Only the center part of con-
centration profiles from fig. 26a are shown for the mid-time regime,
i.e. when experimental profiles (opened symbols) reveal parabolic
shape and can be fitted by cr   c0  αr2 (solid lines).
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From eq. (22), with only two parameters, both to be obtained easily from
IFM concentration profiles, the concentration-dependent diffusivity can be cal-
culated. ∂c∂t is found from the change of concentration at r   0 in time and
∂2c
∂r2
from the parabolic fit of the profiles in that center region. The thus derived
diffusivities are shown in fig. 28 as full stars, together with data obtained by
methods previously described in secs. 4.1.1 and 4.1.2.














































Figure 28: Proving coincidence of different methods to obtain Dc. The
opened and filled symbols result from the Boltzmann-Matano-
approach by using eq. (20) and center-line analysis via eq. (22),
respectively. The solid line is indeed no fit of these data points but
an independent way of accessingDc, viz. by numerically fitting the
concentration profiles using a concentration-dependent diffusivity.
From the good agreement of all three methods given in fig. 28, for ethane
in DDR-I and the pressure step from 0 to 230mbar, the diffusivity is found
to be Dc   1.6  1013 m2s1 ~ 1  0.87 cnorm. In addition, this result proves
the correctness of the different mathematical models applied and provides a
useful toolbox for a more detailed comparison of diffusivities of different sorbate
species in varying samples of DDR type zeolites.
For a very quick order of magnitude estimate of the overall diffusivity (with-
out paying attention to its concentration-dependence), also in cases of pro-
nounced Dc dependence the easily obtained uptake curve may be fitted
using eq. (15). This yields, for the present example of ethane in DDR-I,
D   2.5  1013 m2s1, which is still in reasonable good agreement with the
more sophisticated and accurate ways of data processing.
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4.1.4. Deviations from cylindrical symmetry
In the previous sections, any deviations from cylindrical symmetry of the DDR
crystals were unattended. However, from fig. 22, a pronounced hexagonal crys-
tal shape is found. The question arises, whether the concentration profiles are
identical in x- and y-direction. A first indication of such differences is obtained
by the short-time analysis, especially in fig. 26d, where the diffusion front of
ethane in DDR-I seems to be faster (i.e. shifted to the right) in y-direction,
compared to the x-direction. However, the differences were small and the over-
all diffusivity could be obtained by averaging over both directions. To check
this behavior for different systems, fig. 29 provides the very same short-time
analysis about the progress of diffusion fronts for ethane in DDR-II (fig. 29a)
and propene in DDR-I (fig. 29b).


































(a) ethane in DDR-II


































(b) propene in DDR-I
Figure 29: Comparing the progress of diffusion fronts in DDR zeolites in x-
and y-direction. Together with fig. 26d, for three different systems
the apparent faster uptake in y-direction is found.
However, the here presented data do not indicate any diffusion anisotropy.
As predicted by the structure of zeolite framework type DDR and confirmed
by different ways of data analysis, cylindrical symmetry is found for these sam-
ples. This is fortified, in particular, by the application of center-line analysis
in sec. 4.1.3. The difference at very short times can be explained to result
from different surface-to-volume ratios at the vertices (y-direction) and the
ridges (x-direction) of the crystal. For an ideal hexagonal prism, this factor is
1~cos 30°   2~º3  1.15, which is also quantitatively in reasonable good agree-
ment with the experimental observation. Hence, the total flux through the
crystal surface is slightly higher at the vertices, which leads to the apparent
fast diffusion front in y-direction. The intracrystalline diffusion is, however,
not found to reveal any anisotropic behavior. The diffusion fronts, changing
from initially hexagonal shape to cylindrical symmetry at intermediate times,
are presented in the appendix A.4.1.
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4.2. Diffusion Study of Small Hydrocarbons
This section makes use of the former described methods of analyzing two-
dimensional concentration profiles of cylindrical symmetry obtained by means
of interference microscopy. As good agreement of all mathematical approaches
could be shown in fig. 28, only the most convenient way of calculating dif-
fusivities will be applied. In the following sections, three different topics are
addressed: the comparison between three different DDR host materials (as in-
troduced in tab. 5) using ethane as probe molecule in the subsequent sec. 4.2.1,
the variation of different small hydrocarbons as sorbate species in DDR-II in
sec. 4.2.2, and a brief summary and overview about diffusivities obtained by
other methods in literature in sec. 4.2.3. The work presented here has in part
been presented in ref. [115]. Furthermore, the single-component experiments
will provide the basis for investigating binary mixtures in DDR zeolites by IFM
in sec. 4.3.
4.2.1. Comparing three different DDR host materials
For this comparative study of different samples of DDR zeolites, we were kindly
provided with three different samples of high-silica ZSM-58, notably varying in
crystal size (tab. 5). The procedure of synthesis of the so-called DDR-I sample
is described in ref. [115], whereas further details on the synthesis of DDR-II
and DDR-III are proprietary. However, XRD experiments on all three samples
confirmed their DDR structure. To reveal possible differences between these
samples, ethane was chosen as a probe molecule in the investigations by means
of interference microscopy. Due to its convenient uptake time of 10 to 30 min-
utes (depending on the crystal size), a larger number of adsorption-desorption
cycles could be run and, nevertheless, an adequate number of concentration
profiles were obtained in the short-time stage of the experiments.
As a very first result, all three samples provided homogeneous crystals of
high quality. This concerns the crystal size, which deviates only by 1 to 2 µm,
and also the uptake curves for ethane. The latter was found to coincide, within
the crystals of a certain batch, with respect to the kinetics and to the overall
(unnormalized) IFM signal, which is correlated to the equilibrium concentration
multiplied by the crystal height. This proof of reproducibility is, in the following
and especially when comparing different hydrocarbons, taken advantage of in
the sense of having to perform other types of experiments only once.
One-dimensional concentration profiles of ethane in DDR-I, -II and -III, ob-
tained from cuts in the x-direction of the two-dimensional IFM profiles, are
shown in fig. 30. The shape of these profiles is in comparably good agreement.
The scatter in fig. 30b and 30c is found to be slightly larger, which results
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from the speckled crystal surface and the small crystal size, respectively. The
possibility of determining diffusivities is, however, unaffected.























































































































Figure 30: One-dimensional concentration profiles of ethane in DDR-I, -II and
-III, following a pressure increase from 0 to 210mbar. Using the
reported isotherm in ref. [35], for this pressure step, the equilibrium
concentration is 3.50 molecules per unit cell.
According to the different approaches to derive information on the transport
parameters (sec. 4.1), concentration-dependent intracrystalline diffusivities are
obtained from these concentration profiles. Tab. 6 and its graphical presenta-
tion in fig. 31 provide an overview about these data. Again, no indications of
significant surface barriers are found. The apparent slower increase of boundary
concentrations in fig. 30b and 30c, which is usually an indication of transport
resistances at the surface, can solely be related to the larger black areas re-
sulting from tilted side faces for DDR-II and -III, compared to DDR-I (see
fig. 22).
The main finding of the reported diffusivities for ethane in DDR-I, -II and -
III is the observation that the absolute value of D for DDR-I is larger compared
to the other samples by a factor of approximately two and three. However, the
concentration dependence is found to be almost identical, as shown in the Dc
plot in fig. 31.
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sample Dc 0 / m2s1 λ
DDR-I (i) 1.8  1013 0.87
(ii) 1.5  1013 0.95
(iii) 1.6  1013 0.87
(iv) 2.5  1013 0
DDR-II (ii) 5.0  1014 0.67
(iii) 6.1  1014 0.71
(iv) 1.5  1013 0
DDR-III (ii) 3.5  1014 0.80
(iv) 6.3  1014 0
Table 6: Concentration-dependent diffusivities of ethane (0 to 210mbar) in
three different samples of zeolite DDR using the Fujita model Dc  
Dc 0
1λ c (eq. (19)). The values are obtained by (i) short-time analysis,
(ii) center-line analysis, (iii) full-profile fitting and (iv) fitting of the
integral uptake curve. The latter provides concentration-independent
diffusivities (λ   0.




























Figure 31: Concentration dependence of D for ethane in DDR-I, -II and -III,
following the numbers given in tab. 6.
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Besides the differences in the diffusivities, already the very shape of the
concentration profiles in fig. 30 reveals distinct deviations regarding a certain
detail, namely the presence or absence of an increase of concentration in the
center part of the crystal before the diffusion fronts meet. For this purpose, t1~2
is introduced as the time when the crystal has reached half of the equilibrium
loading for the applied pressure step. It is known for particles of cylindrical
symmetry that the first statistical moment of molecular uptake, M1 [8,66,117],






dt   R28D. (23)






This time was chosen due to the fact that, at time t1~2, the diffusion fronts
have just not yet met in the crystal center. The theoretically obtained value
for the concentration cr   0, texp., using eqs. (24) and (14), is 0.035. In
tab. 7, the center concentrations at times texp., as close as possible to t1~2, are
given for the ethane uptake in DDR-I, -II and -III. For DDR-I, this number
is, regarding the uncertainty of 0.01 to 0.02, in perfect agreement with the
prediction. Hence, for this very sample, the assumption of no diffusion in
axial direction is verified. However, in the case of DDR-II and DDR-III, the
corresponding values are 0.12 and 0.06, respectively, which reveal a significant
increase in the center concentration (bold blue profiles in figs. 30b and 30c, see
also appendix A.4.2).
calculated t1~2 texp. c(r   0, texp.)
DDR-I 169 s 160 s 0.02
DDR-II 152 s 160 s 0.12
DDR-III 99 s 100 s 0.06
Table 7: Tracing crystal imperfections in DDR-II and -III. From the concentra-
tion profiles given in fig. 30, the concentrations in the crystal center,
cr   0, texp., is extracted at times texp.. This is as close as possible to
the calculated times t1~2 at which the whole crystal has reached half
of the equilibrium loading. The corresponding profiles are indicated
in bold blue.
From this analysis, both samples DDR-II and DDR-III are suggested to
allow mass transport also in axial directions, which, in the case of perfect
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crystals, should not occur. However, as the effect is rather small compared to
the diffusion fronts running from the side faces to the inside, the impact on
the overall uptake process is negligibly small. Thus, the samples can still be
found to show cylindrical symmetry, justifying the mathematical treatment for
obtaining diffusivities.
In fact, it is very well possible to relate both findings to each other: the
decreased overall kinetics and the increasing center concentration at short times.
If there are crystal imperfections, new pathways for diffusion (here in axial
direction) may be formed while, at the same time, other windows might be
blocked. Such counterintuitive behavior has been reported for MOF Zn(tbip)
[52], which posses a large number of blocked entrances and, yet, notable options
for the sorbate species to hop between the ideally linear channels, and also for
LTA type zeolites [75], which reveal faster overall uptake after a post-synthesis
treatment forming additional layers on top of the outer surface.
Observing discrepancies between diffusion coefficients for different samples
of identical host structure is indeed not unusual. Even small deviations of the
porous host material, which are not significant for structural analysis by XRD,
are found to cause diffusivities to vary over orders of magnitude, e.g. in zeolite
LTA [118] or MFI [119]. A factor of about three between Dc 0, as found for the
comparison of the zeolite ZSM-58 samples DDR-I, -II and -III in this work, can,
therefore, be referred to as quite moderate - especially regarding the dramatic
change of sorbate mobilities about which shall be reported in the subsequent
sec. 4.2.2.
4.2.2. Comparing different guest molecules
In this section, different small hydrocarbons are investigated with respect to
their adsorption and desorption kinetics in the sample DDR-II. From tab. 1
on page 6 in the introduction about diffusion under confinement, the critical
molecular diameters of methane, ethylene, ethane and propylene, are given as
0.34, 0.35, 0.37 and 0.43 nm, respectively. These diameters correspond to the
smallest cylinders circumscribing the molecules favorable equilibrium confor-
mation using an effective hydrogen diameter of 0.166 nm [35]. Having in mind
the window diameter of the DDR eight-membered rings of 0.37 nm, diffusivities
of the mentioned sorbate species are clearly expected to vary significantly.
(a) Methane in DDR-II
With the current setup of interference microscopy, the applicable gas phase
pressures are limited and should not exceed ambient pressure, i.e. 1bar. How-
ever, in this region, methane as a sorbate species in DDR zeolites is only weakly
adsorbed at room temperature [108] and is, certainly, still in the Henry-regime
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(loading  pressure). Together with an only small change of the refractive in-
dex caused by the comparably small methane molecule, the overall IFM signal
is quite low and the concentration profiles are caused to show a certain degree
of noise. One way to overcome this problem is to average over data points
in the two-dimensional concentration profile which have the same distance r
from the crystal center and, hence, from the symmetry axis. Following this
approach, the IFM concentrations cx, y, t are transformed to cr, t, with a
notably higher signal-to-noise ratio. Fig. 25 in sec. 4.1.1 shows this way of data
treatment, which, by fitting the thus derived concentration profiles with the
ideal diffusion model in particles of cylindrical symmetry, eq. (14), also allows
to obtain diffusion coefficients for this host-guest system. For methane in DDR-
II, a value of D   0.96  1012 m2s1 is found, which fits the experimental data
for both adsorption and desorption.


























Figure 32: Integral uptake and release curves for methane in DDR-II following
a pressure step from 0 to 800mbar (or the corresponding one from
800 to 0mbar for desorption). The corrected data (squares) are
obtained from raw data (diamonds) by assuming that 20% of the
crystal volume is unseen by IFM and rapidly filled. Adsorption (filled
symbols) and desorption (empty symbols) are found to coincide and
confirm, thereby, that the diffusivity is independent of concentration.
These concentration profiles in the cr, t form, however, exhibit two diffi-
culties: (i) close to the crystal center, i.e. at r  0, the number of data points
to be averaged is very small, and (ii) at the outer areas of the crystal, i.e. at
r  R, there are deviations from ideal cylindrical symmetry (due to the hexag-
onal crystal shape) and, in addition, unaccessible black areas close to the side
faces (see fig. 22). Therefore, even with much smoother concentration profiles,
fitting the cr, t data is not expected to yield the most accurate D values. Both
problems of this approach are overcome by, instead, taking the average over all
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available data points of the individual crystal under study, i.e. by following
the integral uptake curve as shown in fig. 32. The outer shell of the crystal,
which is unaccessible by means of IFM, is taken care of by the assumption
that 20% of the crystal, which are rapidly filled, are not comprised in the raw
data. The thus obtained corrected data (squares) are in good agreement with
the calculated solid line for the diffusion model (eq. (15)) using a diffusivity
of D   1.1  1012 m2s1. In this presentation of uptake against square root of
time, the short-time approximation mtmª 
º
t [66] is confirmed.
The concentration-dependence of methane was already addressed by both
previously described ways of processing the experimental data and found to be
negligibly small. This is, additionally, suggested by the attempt of performing
the center-line analysis as described in sec. 4.1.3. Here, the parameter λ of
the Fujita model, determining the concentration dependence Dc as Dc  
Dc 0
1λ c (eq. (19)), was found to be approximately 0.1. This corresponds to an
increase in D of about 10%, which is, however, smaller than the expected
uncertainty for the obtained diffusivity of Dc 0   6  1013 m2s1. Indeed, the
much more trustworthy numbers obtained from the fitting of averaged profiles
and the comparison of the integral uptake curve to the diffusion model, D  
0.96  1012 m2s1 andD   1.1  1012 m2s1, respectively, are in good agreement
with data from literature (see tab. 8 in sec. 4.2.3).
(b) Ethane in DDR-II
In the previous sec. 4.2.1, ethane was applied to study and compare the
three different DDR samples, among them DDR-II. The diffusivity was found
to notably depend on the intracrystalline concentration. With an increase of
loading from initially 0 to 3.5 molecules per unit cell [35], induced by a change
of gas phase pressure from 0 to 210mbar, the diffusivity raised by a factor of
three to four. This behavior, higher sorbate mobilities at higher pore fillings,
is well-known and reported for various nanoporous host-guest systems [8]. In
addition, the present work revealed indications for crystal imperfection as mass
transport in axial direction was observed which, in the ideal DDR structure,
should not occur. However, the overall uptake of ethane in DDR-II is dominated
by the regular diffusion pathways in the x-y-plane, with a limiting diffusivity
of Dc 0   6  1014 m2s1.
(c) Ethylene in DDR-II
When compared to ethane, ethylene reveals a slightly smaller critical molecu-
lar diameter due to its double bound and the thus resulting conformation. Even
though this difference in the critical molecular diameter is only about 0.02nm
(see tab. 1), the effect on the mobility of the sorbate species is well detectable
by IFM. The limiting diffusivity at low loadings, Dc 0 is by a factor of two
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smaller. As a most convenient (accurate and quick) approach, the center-line
analysis is applied (fig. 33) and yields Dc 0   1  1013 m2s1~1  0.8  c.

























Figure 33: Concentration-dependent diffusivity Dc of ethylene in DDR-II ob-
tained by center-line analysis (see sec. 4.1.3) after increasing the
surrounding gas phase pressure from 0 to 210mbar. The center-line
analysis was performed in two perpendicular directions (x and y)
and, as well, after a second run of the same experiment.
In addition to the well known increase of diffusivity with concentration,
fig. 33 presents good agreement between the Dc values obtained in differ-
ent directions perpendicular to each other, viz. x and y. This nicely demon-
strates that the previously described deviations from ideal cylindrical symme-
try (sec. 4.1.4) vanish when looking at the crystal center at mid times, rather
than at the outer crystal areas at short times. Therefore, even in the case of
hexagonally-shaped crystals, within the DDR host structure the diffusion pat-
tern is clearly found to provide cylindrical symmetry. Hence, the application
of the center-line calculation is justified.
As a second way of data processing, fitting the integral uptake and re-
lease curves was chosen. With eq. (15), unfortunately, the model is not ca-
pable of tracing a concentration dependence of the intracrystalline diffusiv-
ity. However, by comparing the values of adsorption and desorption, viz. 3.0
and 1.6  1013 m2s1, respectively, also this method confirms the Dc relation.
Both values are found to be in between Dc 0 and Dc 1 from center-line analy-
sis. The kinetics, being slower for desorption than for adsorption, is reasonable,
since the mass transport through the outer shell of the crystal is crucial. For
desorption, this region has lower sorbate concentrations and, therefore, reduced
mobilities and particle fluxes. In contrast, during adsorption, the outer crystal
shell is rapidly filled to the equilibrium concentration, which allows higher guest
mobilities and an overall faster uptake process.
51
4. Zeolite ZSM-58 (DDR)
This reasonable behavior of diffusivities, obtained from integral uptake and
release curves, to lie in the range of concentration-depend values obtained by the
other methods, was also found for different sorbate species and DDR samples
in sec. 4.2.3.
(d) Propylene in DDR-II
The largest molecule considered in our diffusion studies with DDR-II was
propylene, which, from the chosen way of calculating critical molecular diam-
eter, has a size of 0.43nm. This is already larger than the diameter of the
DDR eight-membered ring windows with diameters of the elliptical pores of
0.36nm  0.44nm. However, following literature reports on notable propylene
uptake at even low pressures [120], also IFM experiments are performed. As the
corresponding C3 alkane, propane, is not found to enter the DDR host system,
there are attempts towards separation processes between these light olefins and
paraffins [106, 107]. In fig. 34, one-dimensional IFM concentration profiles of
propylene in DDR-II are shown.








































Figure 34: Concentration profiles of propylene uptake in DDR-II along y-
direction. Corresponding to a pressure increase from 0 to 25mbar,
the loading raised to 3.46 molecules per unit cell [35]. The bold
blue profile at t   12h represents approximately half of the overall
equilibrium loading.
Also from this graph, the previously investigated crystal imperfections (see
sec. 4.2.1) become immediately apparent: The bold blue profile, roughly taken
at the time of half crystal filling t1~2, reveals significant uptake in the crystal
center (r   0 at appr. y   13 µm) before the diffusion fronts from the side faces
meet in this region. Here, the center concentration cr   0, texp.  t1~2   0.15
is found to even exceed the value of 0.12 obtained for ethane in the same host
material DDR-II (tab. 7).
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Even though the overall uptake is quite strong (3.46 molecules per unit cell af-
ter increasing the pressure to 25mbar as obtained from the isotherm reported in
ref. [35]), the adsorption and desorption kinetics of propylene in DDR-II is dra-
matically slower compared to the previous sorbate species. From fitting the in-
tegral uptake and release curves, diffusivities of 1.0  1015 and 3.0  1016 m2s1,
respectively, are found. Trying to determine concentration-dependent diffusiv-
ities by means of short-time or center-line analysis was omitted for this sample
(but performed for DDR-I, see tab. 8), since these approaches shall be cor-
rupted by the influence of mass transport in axial direction. The thus derived
Dc values would not yield any accurate insight beyond the knowledge of D
from the uptake and release curves.
4.2.3. Summarizing & comparing data with literature
To conclude this comparative study on the diffusivity of different small hydro-
carbons in DDR zeolites, the previously collected data (together with additional
experiments) are presented in fig. 35 and listed in tab. 8. While the former only
contains experimental data using the sample DDR-II, the latter also shows dif-
fusivities obtained from DDR-I. As found and discussed in sec. 4.2.1, there is
a factor of about three between the two different samples. Regarding the large
number of samples, sorbate species and methods of data analysis, not for every
set of experiment all calculations were performed.
  	 




























Figure 35: Comparison of diffusivities of different sorbate species in zeolite
ZSM-58 of framework type DDR. References to literature data are
given in tab. 8.
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DDR-I DDR-II Literature
D0 / m2s1 λ D0 / m2s1 λ D0 / m2s1
Methane (iv) 1.1  1012 0 (ii) 6  1013 0.1 2.3  1012 ZLC [111]
1.7  1012 FR [8]
2  1012 MD [109]
1.6  1012 NMR [121]
8  1014
Membr. [108]
(iii) 9.6  1013 0
(iv) 1.1  1012 0
Ethylene (ii) 2.6  1013 0.57 (ii) 1.0  1013 0.80 1.0  1013 ZLC [116]
1.5  1013 NMR [121](iv) 3.3  1013 0 (iv) 1.6  1013 0
(iv) 5.1  1013 0 (iv) 3.0  1013 0
Ethane (i) 1.8  1013 0.87 (ii) 5.0  1014 0.67 2.5  1013 ZLC [116]
(ii) 1.5  1013 0.95 (iii) 6.1  1014 0.71
(iii) 1.6  1013 0.87 (iv) 1.5  1013 0
(iv) 2.5  1013 0
Propylene (i) 6.5  1016 0.9 (iv) 3.0  1016 0 5.0  1016 Grav. [120]
0.2 to 1.6  1015
Breakthrough [107](iv) 1.4  10
15 0 (iv) 1.0  1015 0
Table 8: Comparing diffusivities of different sorbate species in DDR-I and DDR-
II obtained from IFM experiments (this work) and various literature
data. The variety of experimental methods include zero length col-
umn (ZLC), frequency response (FR), molecular dynamics simula-
tion (MD), (pulsed field gradient) nuclear magnetic resonance (NMR),
membrane permeation (Membr.), gravimetric uptake (Grav.) and
breakthrough experiments. The IFM data were derived by (i) short
time analysis, (ii) center-line analysis, (iii) full-profile fitting and (iv)
fitting of the integral uptake curve. Where two diffusivities for inte-
gral uptake curve fitting are given, the higher value corresponds to the
adsorption step, the slower one to desorption.
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The large number of experimental data on the diffusivities of small hydrocar-
bons in DDR zeolites (fig. 35 and tab. 8) allows four conclusions to be drawn:
(a) Crystals of cylindrical symmetry have shown to provide new ways of
determining transport parameters of adsorption and desorption processes from
the two-dimensional concentration profiles obtained by means of interference
microscopy. After their introduction in sec. 4.1, these different methods of data
processing are found to be in good agreement for the investigated systems of
small hydrocarbons in DDR-I, -II and -III.
(b) The finding of differences between the three different samples with re-
spect to the diffusivity of ethane was shown in sec. 4.2.1. Besides having slower
uptake and release kinetics, the samples DDR-II and -III were found to reveal
mass transport in axial directions. Both can be discussed to result from crystal
imperfections, which, in principle, may simultaneously block certain diffusion
pathways (in the x-y-plane causing lower D values) and open new ones (in ob-
servation direction, leading to an increase of cr   0 before the diffusion fronts
met in the crystal center). Such differences for the same material being syn-
thesized in different labs with different synthesis conditions are not surprising.
With a factor of about three between the diffusivity of ethane in DDR-I and
DDR-II/-III, this effect is comparably small.
(c) A much more pronounced variation of uptake and release kinetics was
found by changing the sorbate species in sec. 4.2.2. Here, methane, ethane,
ethylene and propylene were applied to study adsorption and desorption in DDR
zeolites. By exceeding the theoretical window diameter of the DDR framework,
an overall variation of the diffusivity by more than three orders of magnitude
is observed.
(d) Finally, a detailed comparison of diffusivities reported in literature by
using many different experimental and computational methods were found to
be in good agreement with the IFM data of this work. In fact, except for
the data of membrane permeation (reporting notably lower diffusivities), the
differences were only about a factor of three, which is, as mentioned, just the
difference between materials of varying origin. Therefore, in contrast to many
other nanoporous host systems, which reveal significant differences when mea-
sured by different techniques [8], zeolites of framework type DDR provide a
coherent picture of intracrystalline diffusion. However, it is only micro-imaging
by interference microscopy that allows to follow a range of more than three
orders of magnitude in D, as well as yielding direct access to the transport
parameter by using the fundamental equations of mass transport.
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4.3. Mixture Experiments: Retrieving Two-Component
Data
So far, uptake and release kinetics of sorbate molecules in microporous zeolites
of framework type DDR have been investigated. However, except for gas stor-
age, all applications of micro- and mesoporous materials deal with mixtures of
at least two different components. Therefore, the question of mixture diffusion
is of common interest. Especially the mutual interaction and influence of dif-
ferent species inside of the porous matrix is by far not trivial. Different compo-
nents will most likely act competitively regarding the available intracrystalline
adsorption space (in the case of DDR zeolites the large cages) and might also
mutually influence their diffusivities. When applied to binary mixtures, micro-
imaging by IR microscopy has already proven to yield important new insights
into these interactions. To distinguish between the component of the sorbate
phase, IRM follows the change of different IR bands for different molecules, if
necessary by using a deuterated component. This has already been shown for
mixtures of linear and branched alkanes in silicalite-1 [19, 122] and is going to
be further exploited in ongoing work [44].
Even if the temporal and spatial resolution of interference microscopy is no-
tably better (10 s and 0.5 µm compared to 120 s and 2.7 µm for IRM), the overall
IFM signal is just the sum of both components’ effect on the local change of
the refractive index of the host-guest system. There is no trivial way of dis-
tinguishing between the different sorbate species and, therefore, to obtain local
concentrations c1x, y, t and c2x, y, t. For the first time, the present work
shows a certain scenario, where this problem can be overcome by differentiat-
ing two components by the large differences in their diffusivities. The mixture
to be addressed in the sample DDR-II is ethane and CO2. The procedure in-
cludes an in-detail investigation on the single-component adsorption of ethane
and CO2, separately adsorbed in DDR-II (sec. 4.3.1), the application of ideal
adsorbed solution theory (IAST) to the binary mixture of both (sec. 4.3.2) and,
finally, the determination of local concentrations c1x, y, t and c2x, y, t from
the IFM profile of the change of the optical path length in observation direc-
tion (sec. 4.3.3). With this procedure (being limited to certain mixtures), some
additional experimental data on the binary adsorption of methane and CO2 by
IRM is presented in sec. 4.3.4. The results of this work are presented in the
publication [123].
4.3.1. Single component experiments compared to literature
The first step towards the analysis of binary mixtures in nanoporous materials
by means of interference microscopy is a detailed study of the single-component
adsorption. It is essential to obtain the factor of proportionality between the
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intracrystalline particle concentration of the individual species and the thus
caused change of refractive index and the change of phase difference, the latter
being measured from the interference pictures. This relation, as introduced by
eq. (3) on page 10, is now used with the well-defined factor of proportionality
ki, where i indicates either ethane or CO2:
∆∆ϕLt   ki ∆cit. (25)
In eq. (25), the material properties of zeolite ZSM-58 are already taken care
of. With no significant mass transport in observation direction, the integral
over local concentrations ∆cx, y, z, t may be transferred to the averaged con-
centration ∆cit of the sorbate species i.
To obtain the values ki, two steps are needed: For the single crystal un-
der study, a sequence of smaller pressure steps has to be performed by IFM.
This isotherm (in units of the change of phase difference, i.e. in rad) is then,
as the second step, correlated with an isotherm of the same host-guest sys-
tem at equal temperature, which is in the case of ethane and CO2 available
from different publications [108, 121]. Fig. 36 pictures this procedure, yielding
kethane   8.08 rad/(mol/kg) and kCO2   5.07 rad/(mol/kg) as factors of pro-
portionality between the IFM signal and local concentration. This allows,
by following eq. (25), the determination of true concentrations from the two-
dimensional IFM concentration profiles.
However, certain sources for uncertainties have to be considered. As an im-
portant cross-check, several other single crystals of the DDR-II sample have
been tested. With only a few percent deviation, the results were in good agree-
ment, which allows to use the k values also for different crystals of this sample.
An additional uncertainty arises from this comparison with literature isotherms,
as the applied materials do not have the same origin. The deviations of sorp-
tion properties are, however, usually not as pronounced as it is the case for
diffusivities and transport resistances. Thus, we may assume for the different
DDR samples to show identical sorption behavior.
Regarding a binary mixture of ethane and CO2, in first-order approximation
we may assume the refractive index (and, hence, the IFM signal) to change
with increasing loading of the sorbate species as
∆∆ϕLt   kethane ∆cethanet  kCO2 ∆cCO2t. (26)
This is an important first step towards the determination of local concen-
trations cethanet and cCO2t from the IFM concentration profiles. However,
so far, it is still impossible to obtain two unknown quantities out of just one
measured variable.
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(c) determination of ki
Figure 36: For ethane (a) and CO2 (b) in DDR at room temperature, the IFM
isotherms are compared with and scaled to the literature isotherms
reported in refs. [121] and [108], respectively. In (c), the IFM signal
at pressure p is plotted against the concentration c (from literature
isotherms) at this pressure, yielding the desired k values as the
slope of the linear regression.
4.3.2. IAST predictions and IFM results for binary mixtures
The second step in the analysis of binary mixture adsorption by means of
interference microscopy is the application of the so-called ideal adsorbed solution
theory (IAST). This theory, developed by Myers and Prausnitz in 1965 [124], is
still considered as the most useful general approach to address binary mixtures
[36]. IAST allows to calculate mixture isotherms, i.e. partial loadings of the
components as well as the total loading, depending on the gas phase pressures.
These loadings are numerically calculated, with the single-component isotherms
as input parameters. In the present work, the procedure of ref. [36] is followed,
which is based on the spreading pressure π obtained by integrating the Gibbs
isotherm. Using a self-created short Mathematica-script, from the two single-
component isotherm parameters and the given partial pressures in the binary
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mixtures, the individual intracrystalline concentrations can easily be calculated.
In the sense of IAST, solutions are ideally adsorbed when there is no interaction
of the different sorbate species except for those interactions being present also
in the single-component adsorbed phase. In ref. [125], for DDR zeolites, for
the loadings here considered, good agreement of the IAST predictions to grand
canonical monte carlo simulations is shown.
mixture ptotal pi (mbar)
CO2 : ethane (mbar) CO2 ethane
(1) 1:1 396 202 194
(2) 2:1 575 384 191
(3) 3:1 796 601 195
Table 9: Settings of three different ethane-CO2 mixtures in DDR. The partial
pressure of ethane is kept constant, while the amount of CO2 varies
for the three uptake experiments performed.
However, the most important feature of the binary mixture of ethane and
CO2 in DDR zeolites is not the applicability of IAST, but the large difference
in uptake rates. As reported in this study and in literature [116], for ethane it
is found Dethane   1.5  1013 m2s1. In contrast, CO2 is at least three orders of
magnitude faster, and, thus, much too fast to be observed within the initial 10 s
of the first IFM concentration profile. From NMR experiments, the diffusivity
is known to be approximately DCO2   7  1010 m2s1 [112].


















































Figure 37: Profiles in x- and y-direction ((a) and (b)) following the adsorption
of a binary mixture, consisting of CO2 and ethane in the ratio of
1:1 in the gas phase (experiment (1) in tab. 9). The total pressure
is about 400mbar.
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Figure 38: Uptake curve for mixture adsorption of CO2 and ethane, correspond-
ing to the IFM profiles shown in fig. 37.
Fig. 37 shows the IFM profiles of the 1:1 mixture of ethane and CO2 in x- and
y-direction. For the purpose of correlating the IFM signal to intracrystalline
concentrations, the profiles are given in their unnormalized form, i.e. in rad.
Both sorbate species cause an increase of this IFM signal proportionally to
their local concentrations, as given by eq. (26). The integral uptake curve of
this experiment is presented as fig. 37. Both images show the experimental
data of experiment (1) in tab. 9. Two other gas phase compositions with the
same partial pressure of ethane but a higher amount of CO2 are also studied.
The experimental finding of this first mixture experiment is a very fast and
steep increase of the IFM signal at the first profile measured. The averaged
height of this increase, as seen in the uptake curve in fig. 38, is about 2.3 rad. In
the profiles of fig. 37, this jump is represented by the red line taken 25 s after the
adsorption of the mixture is initiated. The origin of this first change in the IFM
signal is clearly correlated to a homogeneous distribution of sorbate molecules
throughout the whole crystal, rather than just an increase of concentration at
the crystal side faces. The obvious explanation is that CO2 is rapidly equili-
brating throughout the whole crystal, long before the first profile is measured.
From the previously mentioned diffusivity of about DCO2   7  1010 m2s1 and
by using eq. (23), a time constant of less than 0.1 s can be estimated. The pro-
files following after this first increase (and as well the corresponding data points
in the uptake curve) are suggested to result from ethane molecules entering the
crystal on top of the already present CO2.
A strong confirmation of this explanation about the CO2 molecules rapidly
equilibrating can be found in tab. 10. Here, the intensity or height of the
first increase of homogeneous CO2 concentration is found to perfectly coincide
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with the value one would obtain for a single-component CO2 uptake of the same
(partial) pressure pCO2 as applied in the mixture. This agreement is obtained for
all three mixture experiments, in which the first increase of CO2 increases with
increasing CO2 partial pressure. This prediction for CO2 uptake is simply the
value of the single component isotherm (ref. [108]) at pressure pCO2 multiplied
by the kCO2 factor from fig. 36c.
pCO2 CO2: prediction CO2: exp. (rad)
mbar mol/kg rad 1st jump of ads. profiles
(1) 202 0.450 2.3 2.3
(2) 384 0.765 3.9 4.0
(3) 601 1.065 5.4 5.6
Table 10: Analyzing the initial, very fast CO2 uptake. For the three mixture
experiments (1), (2) and (3), as introduced in tab. 9, the measured
fast CO2 uptake (last column) is compared with predictions for single-
component adsorption of the same (partial) pressure of CO2. The
correlation of intracrystalline concentration (mol/kg) and IFM signal
(rad) for the CO2 prediction is based on eq. (25) using kCO2 obtained
in fig. 36.
In principle, this demonstrates how two different sorbate species can be dis-
tinguished when there is difference of a several orders of magnitude between
their uptake rates: The fast component is rapidly equilibrating and the slower
one will follow a common adsorption behavior, with a diffusion front running
from the side faces to the center of the DDR crystal. However, the true transient
concentration profiles, separated for both components, will not be obtained by
simply assuming the CO2 concentration to be constant and the ethane concen-
tration to be correlated to all of the IFM signal beyond the first step. Clearly,
as soon as ethane molecules enter the porous matrix, part of the previously
adsorbed CO2 will be pushed out. Finally, an equilibrium conformation will be
reached with, most probably, a somewhat lower CO2 fraction than estimated
from the first adsorption step.
Now, further analysis is benefiting from IAST calculations: From the single-
component adsorption isotherms for CO2 and ethane (i.e. the dual-side Lang-
muir parameters of these isotherms) [108, 121], the expected equilibrium con-
centrations for CO2 and ethane are obtained, together with the total loading.
These numbers are then transfered from concentrations in mol/kg to an ex-
pected IFM signal intensity in rad, again by using the k factors of fig. 36c. To-
gether with experimental IFM values for the overall adsorption and desorption
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equilibrium signal and the height of the initial fast decrease during desorption
experiments, the IAST predictions are given in tab. 11.
IAST equilibrium prediction IFM experimental
CO2 ethane total Ads Des (1st jump & eq.)
mol/kg rad mol/kg rad mol/kg rad rad rad rad
(1) 0.22 1.12 0.94 7.60 1.16 8.71 8.4 1.2 7.9
(2) 0.42 2.13 0.85 6.87 1.27 9.00 8.9 2.0 8.6
(3) 0.62 3.14 0.79 6.38 1.42 9.53 9.7 3.2 9.8
Table 11: IAST predictions and IFM results for mixture adsorption in DDR ze-
olites. Using the partial pressures of ethane and CO2 of the three
experiments (1), (2) and (3), tab. 9, the IAST model is applied
to calculate equilibrium concentrations in mol/kg, and, by following
eqs. (25) and (26), the IFM signal to be expected. The experimen-
tal IFM data are shown to the right, including the overall values for
adsorption and desorption equilibrium and the fast first jump during
desorption (next-to-last column).
From the large number of data given in tab. 11, two pairs of columns should
be compared: First, the IAST prediction for CO2 (calculated to IFM signal
intensity in rad), second column, is found to perfectly coincide with the next-to-
last column of IFM experiments, showing the values of the rapid first desorption
step. Clearly, from the agreement of these data for all three experiments, we
are able to correlate the first desorption step to the whole CO2 fraction rapidly
leaving the crystal, just as it is the case for the adsorption process. In addition,
the IAST seems to well predict this CO2 fraction in the equilibrium. The second
pair of columns to be compared is the IAST prediction on the total loading and
the correlated estimation on the IFM signal, and the experimental data on the
IFM adsorption signal. Again, with good agreement and deviations below 5%,
this fortifies the IAST to be well predicting the equilibrium concentrations of
this binary mixture in DDR zeolites.
4.3.3. Determining individual components’ local concentrations
Finally, with a brief approach to extend the IAST calculations, true transient
concentration profiles, separated for the two components ethane and CO2, can
be obtained. The high spatial and temporal resolutions of interference mi-
croscopy will be preserved, allowing further analysis of the mass transport of
this binary mixture.
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The second equation, which is needed for solving eq. (26) and obtaining the
concentration of the two components, will be derived from the observation of
CO2 being significantly faster than ethane. Especially when compared to the
time interval needed to obtain an IFM profile (typically 10 to 15 s), CO2 is
referred to be equilibrated. Therefore, the more generally obtained relation
of intracrystalline concentration c and partial pressures in the gas phase p,
namely
cCO2   cCO2pCO2 , pethane, (27)
can be slightly modified to
cCO2   cCO2pCO2 , cethane. (28)





















Figure 39: Dependence of cCO2 on cethane in an adsorbed binary mixture in DDR
zeolites obtained by numerical IAST calculations. The partial pres-
sure of CO2 is kept constant (at the values measured during exper-
iments (1), (2) and (3), see tab. 9). The partial pressure of ethane
increases from 0 to the value measured in the experiments. By do-
ing so, the CO2 concentration is found to decrease, starting from the
concentration one would obtain for the single-component CO2 ad-
sorption. The end points for each experiment (highest cethane, lowest
cCO2) corresponds to the final equilibrium of the system as described
in tab. 11.
Eq. (28) states that the local concentration of CO2, cCO2 , is a function of the
gas phase pressure of CO2, pCO2 , and the local concentration of ethane, cethane.
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Due to the difference in D of three orders of magnitude, the adsorbed CO2
molecules do not feel the gas phase pressure of ethane, but, instead, form an
(quasi-) equilibrium with the local concentration of ethane molecules (if already
present). This still follows the concept of IAST, in which the spreading pressure
π is kept constant. By setting the partial pressure of CO2, pCO2 , to be constant
and only varying the partial pressure of ethane, pethane, numerical calculations
of IAST allow to determine the dependence of eq. 28.
Fig. 39 presents the thus derived data. As expected, with increasing ethane
concentration, CO2 will be partly pushed out of the host system. With respect
to eq. (28), this process is most reasonably found to show proportionality, i.e.
the more ethane is present in the zeolite, the more CO2 is pushed out. These
data may now be fitted as
cCO2   A B  cethane, (29)
where A is nothing else than the single-component concentration of CO2 at the
gas phase pressure of pCO2 , andB the slope of this linear regression, denoting the
ratio of overall CO2 decrease and ethane increase for the individual experiment.
By inserting eq. (29) into eq. (26), the intracrystalline concentration of ethane
(and via eq. (29) also the one of CO2) can immediately be obtained. The
outcome of this concept is shown by fig. 40, which presents the intracrystalline
concentration profiles of the two mixture components obtained from the IFM
profile in fig. 37a.





































































Figure 40: Transient concentration profiles separated for the two mixture com-
ponents, CO2 and ethane. By combining eqs. (29) and (26) and
using the parameters (ki,A,B) obtained from single-component
isotherms and IAST calculations, the two-component profiles could
be retrieved from the IFM profile (fig. 37a) of experiment (1).
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For the first time, such two-component data could be derived from an inter-
ference microscopy experiment of a binary mixture being adsorbed in a zeolite
crystal. Fig. 40a demonstrates how the CO2 concentration is rapidly increasing
to the maximum of about 4.4mol/kg at t   25 s. Afterwards, as ethane enters
the crystal from the side faces, CO2 is seen to be pushed out again.
The integral uptake curve of this mixture adsorption can be obtained in two
different ways: As eq. (29) exhibits a linear dependence of cCO2 and cethane, it is
possible to use the untreated uptake curve in fig. 38 and divide each data point
into two values for ethane and CO2. Alternatively, the concentration profiles of
fig. 40 could be integrated (or averaged) over the whole two-dimensional crystal
surface. Both procedures will lead to the graph shown in fig. 41.

























Figure 41: Uptake curve of two components from binary mixture adsorption.
On the basis of the raw IFM uptake curve (fig. 38) or the already sep-
arated concentration profiles (fig. 40), these single-component load-
ings of CO2 and ethane are derived. The graph shows the data of
experiment (1) in tab. 9, i.e. a 1:1 mixture of CO2 and ethane at a
total pressure of about 400mbar.
The uptake curve of the two different mixture components (fig. 41) shows
the exponential-like behavior of ethane, and the already described process for
CO2. The latter follows a sharp increase to a value corresponding to the single-
component loading of the same (partial) pressure of CO2 and is afterwards
found to decrease again. With the same treatment of experimental IFM data
for all three considered mixtures, it is now possible to compare the kinetics of
ethane depending on the presence of CO2. The profiles and uptake curves for
the experiments (2) and (3) are given in the appendix A.4.3.
In fig. 42, only the ethane fraction of the overall IFM signal are plotted and
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compared to the single-component experiment of the same ethane pressure.
Regarding the fact that there are a few new sources of uncertainties introduced
by the determination of the ethane fraction in the mixture experiments, the
agreement of all four graphs can be referred to be very good. In fact, when using
the diffusion model for a particle of cylindrical symmetry to fit these uptake
curves (eq. (15)), within small deviations of about 10 to 20%, the curves yield
a diffusivity of about Dethane   1.2  1013 m2s1.



































Figure 42: Comparison of ethane kinetics with varying presence of CO2. Three
mixture experiments (with equal partial pressure of ethane but in-
creasing partial pressure of CO2), see tab. 9, and the single compo-
nent ethane uptake are listed.
This finding of an ethane diffusivity being unaffected by the amount of
CO2 present in the DDR zeolite, is also supported by ZLC experiments [116].
The discussion of this publication, especially that CO2 and ethane are non-
competitively adsorbed in DDR zeolites, is fortified by the present IFM inves-
tigations on this binary mixture.
However, the wealth of the intracrystalline concentration profiles separated
for both components (fig. 40) can be even further exploited. From these profiles,
particle fluces may be determined and, hence, the diffusion matrix (correspond-
ing to the diffusion coefficient in single-component uptake) is accessible by a
direct experimental approach. This is part of ongoing work and will be further
investigated.
4.3.4. Complementary methane measurements
As a complementary measurement, mixtures of methane and CO2 were investi-
gated by means of IR microscopy. Even though the IR device provides a poorer
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temporal resolution when the focal plane array detector is applied to obtain
spatially resolved profiles, in its integral mode, the IRM is notably faster com-
pared to IFM. IR microscopy in the integral mode means that only a single
element detector is used. It is focused on a single DDR crystal and follows the
change of the corresponding IR bands after increasing the gas phase from vac-
uum to a well-defined ratio of methane and CO2. The experimental conditions
and IRM uptake curves of these experiments are shown in tab. 12 and fig. 43,
respectively.
gas mixture ptotal pi (mbar) ctotal ci (mol/kg)
CO2 : CH4 (mbar) CO2 CH4 (mol/kg) CO2 CH4
(1) 0:1 800 0 800 0.39 0 0.39
(2) 1:3.5 500 110 390 0.43 0.24 0.19
(3) 1:2 400 136 264 0.43 0.30 0.13
Table 12: Settings of three IRM experiments with different methane-CO2 mix-
tures in DDR. The first, (1), corresponds to the single-component
uptake of methane. In (2) and (3), additionally, CO2 is present in
the gas phase. The total loading, ctotal, is kept constant.




































Figure 43: IRM uptake curve for mixture adsorption of CO2 and methane.
Blue, red and black symbols correspond to experiments (1), (2) and
(3) of tab. 12, respectively.
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So far, the results for IR measurements with methane and CO2 do not reveal
a significant enhancement of diffusivities, which is reported in ref. [111]. The
approximate diffusivity of methane is, for this set of experiments, Dmethane  
2  1012 m2s1. For experiment (3), there might be indications of a tendency
towards faster uptake, but due to the low loadings of methane in this pressure
range, the increased noise does not allow an accurate quantitative analysis.
This short insertion of IR uptake experiments was chosen for two reasons:
First, this gas mixture of methane and CO2 is of greater interest in terms of
industrial applications compared to the model system of ethane and CO2 ad-
dressed before by means of interference microscopy. As both, methane and
CO2, are the major components of natural gas reservoirs, separation is a key
question. In principle, separation can be done by microporous materials such as
DDR zeolites, that is why the CO2-methane-DDR system is investigated in lit-
erature [109–112]. Unfortunately, the current setup of interference microscopy
is not capable of obtaining concentration profiles faster than every 10 s. Assum-
ing the difference in diffusivities of methane and CO2 to be still large enough
(there are at lease two orders of magnitude in between), with a faster recording
every 0.5 s, the previously described separation of the two components local
concentration should as well be possible. Suggestions on how to modify the
IFM setup are already in discussion and, as also other system would benefit,
this will clearly be in the focus of future work.
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The aim of this thesis was the application of recently established micro-imaging
by interference microscopy to monitor transient, intracrystalline concentration
profiles of high spatial and temporal resolution. This experimental basis allowed
the in-depth study of mass transport phenomena in nanoporous materials. Even
though the present work is of fundamental character, the relevance of several
addressed topics to large-scale applications is unquestionable. This especially
concerns surface barriers, deviations from perfect crystallographic structure and
mixture experiments.
The experimental setup of interference microscopy has not seen any signifi-
cant modifications in the course of this study. However, many of the computa-
tional tools to analyze, correct and process the experimental data were either
newly-created or notably improved. Only these self-written algorithms enabled
the high picture quality of e.g. the phase transition of benzene in silicalite-1.
In addition, the efficiency in data treatment, achieved by automated computer
programs, allowed the large number of experiments with DDR zeolites to be
performed and evaluated with varying both samples and sorbate species.
Zeolite ZSM-5 (MFI)
Two different types of silicalite-1 samples, the all-silica form of ZSM-5 with
framework type MFI, were investigated. For the first time, trying to iden-
tify diffusion anisotropy between x- and y-direction, crystals of the rounded-
boat morphology could be measured from three different observation directions.
However, even by using long, rod-like sorbate molecules, for which a significant
difference of Dx and Dy is predicted due to the preference of straight channels
rather than the zig-zag ones, no indications of such behavior were obtained.
The conclusion of this set of experiments is that, also in the case of rounded-
boat shaped silicalite-1, a twinned structure of the individual crystal has to be
expected. Only by 90° rotated subunits, the finding of equal diffusivities in x-
and y-direction can be explained.
Following the uptake of isobutane in silicalite-1 crystals of the coffin-like
shape, an in-depth study of surface permeabilities, i.e. transport resistances
at the outer crystal surface, was carried out. It is certainly one of the major
strengths of interference microscopy that, by carefully investigating the increase
of the surface or boundary concentration, surface permeabilities may quantita-
tively be analyzed. In the present case, a peculiar increase of surface barriers,
which have previously been described to arise from residual water molecules
forming impenetrable surface layers, was further examined. The calculated
surface permeabilities were found to decrease by more than two orders of mag-
nitude. However, with these surface permeabilities being ideally constant after
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an exposure of the crystal to a mild water atmosphere, the nature of surface
changes in this system has to be reconsidered. Nevertheless, as surface barriers
are crucial for many applications of nanoporous materials, the strong benefits
of diffusion measurements by interference microscopy are emphasized.
In another case study, phase transitions of benzene in silicalite-1 were inves-
tigated. There are reports on both changes of the sorbate phase and shifts of
the zeolite framework, especially its symmetry, available in literature for higher
loadings of benzene above the threshold of four molecules per unit cell. The
fact that the subunits of the MFI crystals under study are mutually rotated by
90° and that IFM is primarily sensitive to the optical density rather than to
the concentration has provided us with the unique option to record the spatial-
temporal dependence of phase transitions in nanoporous host-guest systems.
Zeolite ZSM-58 (DDR)
Zeolite ZSM-58 of framework type DDR has never before been investigated by
micro-imaging techniques. Owing to the cylindrical symmetry of the crystals,
which ideally do not allow any mass transport in axial direction, new ways of
determining diffusivities were theoretically described and checked by interfer-
ence microscopic uptake and release experiments. Reasonably good agreement
could be observed for all approaches, including short-time analysis following the
Boltzmann-Matano model, center-line analysis at intermediate times, numerical
calculations for full profile fitting applying the solutions of the diffusion equa-
tion and fitting of the uptake and release curves to the diffusion model. Except
for the latter technique, these methods of data processing yield concentration-
dependent diffusivities, which, for the investigated systems, were found to follow
the Fujita model.
The thus derived tools to analyze two-dimensional concentration profiles
were then applied to study differences between three different samples of zeolite
ZSM-58 and, as well, between different sorbate species. This yields a factor of
about three between the diffusivities of ethane in the DDR specimens, which
may result from different ways of zeolite synthesis or post-treatment. Two out
of three samples revealed measurable uptake in observation direction. Together
with slower uptake and release of guest molecules, these crystals are strongly
suggested to be deviating from ideal structure. Crystal imperfections are, in
this sense, at the same time responsible for mass transport in axial direction
and transport resistances in the common diffusion pathways. The comparison
of different sorbate species revealed differences of more than three orders of
magnitude in their diffusivity. A strong correlation to the critical molecular
diameter was found and, hence, a coherent picture of diffusion in DDR zeolites
is presented.
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Finally, on the basis of these single-component experiments, also the uptake
and release of a binary mixture was studied by interference and IR microscopy.
The former is, due to the working principle of following changes in the refractive
index of the host-guest system, unable to distinguish between different sorbate
species. However, by using the ideal adsorbed solution theory and isotherms
reported in literature, in the case of CO2 and ethane the two-component data
could be retrieved. This was made possible by the huge difference of their
diffusivities by more than three orders of magnitude. This new approach yielded
local concentrations, separated for CO2 and ethane, with the preserved high
spatial and temporal resolution. In this mixture, ethane was not found to be
influenced by the presence of CO2.
Conclusions
This work demonstrates the remarkable insights of micro-imaging by interfer-
ence microscopy into mass transport in nanoporous materials. Several case
studies, applying two different types of zeolites, are shown and described with
new findings, unattainable by other methods. This particularly concerns the
direct and simultaneous recording of surface permeabilities and diffusivities, the
observation of phase transitions and the adsorption of binary mixtures. Espe-
cially the latter field will be in the focus of future work: The two-dimensional
profiles of local concentrations, separately available for both components, may
yield the elements of the diffusion matrix, the equivalent to the diffusion coef-
ficient in binary systems.
Like a magnifying glass, interference microscopy allows to directly follow in-
tracrystalline concentrations. Regarding the numerous applications of nanopo-
rous materials in chemical industry and irrespective of the broad variety of
other techniques applied to investigate the processes involved, IFM is found
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The appendix provides supporting material to several sections of this work.
This includes, in particular, additional graphs and calculations on topics and
experiments being only briefly mentioned in the main sections.
A.3.1. Orientation-dependent guest diffusion
In sec. 3.1, silicalite-1 crystals of the rounded-boat shape were measured in
different observation directions. The given numbers for the diffusivity and
surface permeability of 4-methyl-2-pentyne (tab. 2 on page 17) are based on
the experimental data of fig. 44.
































































Figure 44: Concentration profiles of 4-methyl-2-pentyne inX- and Y -direction
((a) and (b)), following the desorption process from 1 to 0mbar.
The black lines indicate the best fits to the experimental data using
numerical calculations for the solution of the diffusion equation.
The diffusivities and surface permeabilities are found to coincide
in both directions, see tab. 2.
A.3.2. Surface barriers of zeolite silicalite-1
In sec. 3.2, growing surface barriers of silicalite-1 crystals were reported. As
an additional presentation, fig. 45 illustrates the dramatic change not only in
terms of increasing equilibration times (160 s compared to 3000 s), but also in
the profile shape: Curved profiles with high surface concentrations indicate a
diffusion-limited process (fig. 45a), while very flat profiles with slowly increasing
surface concentrations reveal notable surface barriers (fig. 45b). The profiles
were obtained from the second and fourth experiment of fig. 12b on page 21.
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Figure 45: Concentration profiles of isobutane (iC4) in silicalite-1. The ad-
sorption experiments (following a pressure increase from 0 to
0.2mbar) were performed only a few hours after activation (a) and
several days later (b).
The discussion on the nature of the observed surface barriers in sec. 3.2 is
correlated to the presence of impurities in the gas phase causing the formation
of a surface layer, which acts as an additional transport resistance. To exclude
that this effect results from impurities of the probe gas (here: isobutane), the
following fig. 46 is presented: The time constants τ of isobutane adsorption
is obtained from an exponential fit of the uptake curves. The increase of τ is
larger after experiment 3, 5 and 7, where the probe rested, for several hours,
under vacuum. When several adsorption-desorption cycles are performed (e.g.
experiments 1, 2 and 3), there is almost no change in the uptake kinetics.
Therefore, the probe gas is hindering, rather than enhancing the formation of
this surface barrier.





























A.3.3. Phase transition of benzene in silicalite-1
Tab. 4 in sec. 3.3 listed the refractive indices nÙ and nÕ for a highly ordered
benzene phase. These numbers were estimated by the Clausius-Mossotti re-








where εr denotes the relative permittivity, NA   6.0  1023 mol the Avogadro
constant, %   880kgm3 the mass density of benzene, α the molecular po-
larizability, Mm   78.1gmol1 the molar mass and ε0   8.85AsV1 m1 the
permittivity of a vacuum. Eq. (30) can be solved for εr, which allows the





3Mm ε0 NA %α
. (31)
The large increase of the diffusivity of benzene in silicalite-1, as presented in
fig. 21 on page 33, has also been confirmed by IRM measurements as shown in
fig. 47.























Figure 47: Diffusivities of benzene in silicalite-1 at different loadings obtained




A.4.1. Concentration profiles of cylindrical symmetry
Due to the hexagonal crystal shape, deviations from cylindrical symmetry for
the concentration profiles in DDR zeolites were discussed in sec. 4.1.4. Fig. 48
shows the two-dimensional concentration maps of ethane in DDR-I at two dif-
ferent times, after the gas phase pressure was increased from 0 to 230mbar.
The diffusion front is of hexagonal shape at t   70 s and of cylindrical shape
at t   160 s. This justifies the short-time approach (where the scenario is al-
most like diffusion into a semi-infinite medium) and the center-line analysis at
intermediate times (assuming cylindrical symmetry).




















Figure 48: Two-dimensional concentration maps of ethane in DDR-I at differ-
ent times t after the gas phase pressure was increased from 0 to
230mbar. The background color has no physical meaning.
A.4.2. Comparison of different DDR zeolites


























































Figure 49: Increase of center concentration cr   0, t for ethane in DDR-I (left)
and DDR-II (right) showing agreement at short times in the former
system and notable deviation from ideal behavior in the latter case.
The solid lines are obtained from the solution of the diffusion equa-
tion as given by eq. (14), using D and R from tabs. 5 and 6.
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Differences of the three investigated samples of DDR zeolites were studied
in sec. 4.2.1. Notable deviations were observed for the concentration in the
crystal center, cr   0, t, which is shown in fig. 49 for DDR-I and DDR-II. In
an ideal crystal (no mass transport in axial direction), this center concentration
is expected to be almost constant before the diffusion fronts meet. For DDR-II,
this is clearly not the case: Already at short times there is a notable increase
of cr   0, t.
A.4.3. Binary mixtures in DDR zeolites
In sec. 4.3, investigations on binary mixtures in DDR zeolites were presented.
For the experiments (2) and (3) of tab. 9, figs. 50 and 51 show the untreated
IFM profiles, as well as the profiles and uptake curves after separation of the
two components.






























(a) untreated IFM profiles



























(b) separated uptake curves




































(c) separated profiles: CO2







































(d) separated profiles: ethane
Figure 50: Profiles of experiment (2), see tab. 9, before and after separation
of the contributions of the two components to the IFM signal.



























(a) untreated IFM profiles




























(b) separated uptake curves































(c) separated profiles: CO2

































(d) separated profiles: ethane
Figure 51: Profiles of experiment (3), see tab. 9, before and after separation
of the contributions of the two components to the IFM signal.
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